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FOREWORD 


This  is  the^tenth  annual  publication  of  the  collected 
reprints  of  NOAA's  Atlantic  Oceanographic  and  Meteorolog- 
ical Laboratories.’  It  brings  together  our  research 
results  published  during  1975  in  a wide  range  of  scientific 
and  technical  journals  as  well  as  in  some  internal  NOAA 
publications.'  Although  the  generation  of  new  knowledge  is 
of  itself  satisfying  to  the  researcher  who  does  it,  the 
usefulness  to  others  is  largely  a function  of  how  well  the 
knowledge  is  disseminated.  For  this  reason,  our  collected 
reprints  receive  a wide  distribution  to  the  libraries  of 
universities,  research  institutions,  and  government  agencies 
^ in  this  country  and  abroad. 

The  Atlantic  Oceanographic  and  Meteorological  Laboratories 
-^conduct  research  on  the  physical,  chemical,  and  geological 
characteristics  and  processes  of  the  ocean  waters,  the  sea- 
floor, and  the  overlying  atmosphere.  During  1975,  these 
research  efforts  were  carried  out  by  four  major  groups:'  • 

Physical  Oceanography  Laboratory 
.if..  ' Marine  Geology  and  Geophysics  Laboratory  ' 

Sea-Air  Interaction  Laboratory 
Ocean  Remote  Sensing  Laf)oratory 

The  reprints  in  this  volume  are  arranged  alphabetically  by 
the  last  name  of  the  first  author  within  each  of  these  groups. 


Harris  B.  Stewart,  Jr.  Atlantic  Oceanographic  and 

Director,  AOML  Meteorological  Laboratories 

15  Rickenbacker  Causeway 
Virginia  Key 

Miami,  Florida  33149,  U.S.A. 
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Harris  B.  Stewart,  Jr.* 

This  has  been  a most  intcresting--cven  exci ting--week  at  The  Johns 
Hopkins  University  Bologna  Center.  I Imve  enjoyed  it.  I have  met  some 
old  friends  and  made  some  new  ones.  I have  eaten  too  much  of  this  de- 
licious Bologna  food,  slept  too  little  — thanks  to  the  jet-lag  problems 
with  my  biological  clock--and  have  heard  a good  many  ideas,  some  of  them 
very  good  new  ideas,  proposed  and  discussed.  How,  then,  do  you  summarize 
a meeting  such  as  this  one  where  representatives  from  tt^/enty- two  differ- 
ent nations  at  varying  levels  of  development  have  expressed  tlieir  own 
ideas  on  the  why,  what,  and  hew  of  support  for  progra.ms  in  marine  science? 
At  the  reception  last  evening,  I proposed  to  Dr.  iiollick  that  it  could 
be  nicely  summarized  by  "Send  money,  people,  and  equipment,"  but  she 
seemed  to  feel  that  a somewhat  more  detailed  su.-riary  was  required. 

What,  then,  are  the  results  and  conclusions  from  this  week-long 
workshop?  Certainly  one  of  the  results  is  the  establishment  of  strong 
personal  ties  among  the  individiml  .-cientists  ; f tv.i  iiuy-Lwo  diirerent 
countries.  You  can  learn  a lot  over  a two-hou’'  lunch!  In  the  years 
ahead,  these  person-to-person  tics  will  allow  free  cum;r.unicati on  among 
the  countries  and  at  a considerably  faster  rate  and  more  effectively  than 
on  a government- to-government  basis.  Keep  the  list  of  our  addresses  you 
received  today  and  use  tKe-m  to  eticitange  reprints  of  published  papers  and 
ideas,  and  we  should  use  them  to  initiate  plans  and  programs  among  our- 
selves. Each  of  us  now  has  a fellow  marine  scientist  as  a contact  in  at 
least  twenty-one  other  countries.  Use  them. 

Several  points  were  repeatedly  made  during  the  week,  and  I feel 
these  should  be  singled  out  for  special  emphasis.  .Not  everyone  concurred 
in  all  of  these  ideas,  but  they  seemed  to  have  the  agreement  of  the 
majority: 

1.  The  development  of  a viable  national  marine  science  capability 

is  not  accomplished  instantaneously.  It  is  a long,  slow  process, 
but  it  can  be  considerably  speeded  up  by  capitalizing  on  the 
experience  and  capability  of  nations  wliich  have  been  involved 
in  marine  science  longer  and  have  advanced  further  do;^Ti  the  road 
toward  an  independence  in  their  ability  to  deal  effectively  with 
the  ocean  and  its  resources. 

2.  "Tne  Lord  helps  those  who  help  themselves"  is  the  way  one  speaker 
expressed  the  idea  that  a nation  cannot  sit  back  .and  wait  for  an 
outsider  to  solve  its  marine  science  problems.  Each  nation  must 

*Director,  NOM  Atlantic  Oceanographic  and  Meteorological  Laboratories, 
Miami,  Florida,  U.S.A. 
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initiate  its  own  efforts,  establish  national  goals  and  priorities, 
hopefully  obtain  a national  coniirii trnent  to  learning  about  its 
ocean  and  the  resources  it  contains,  and  be  willing,  as  a nation, 
to  commit  a portion  of  its  ov/n  manpower  and  funding  to  this  effort. 

3.  The  marine  science  and  technology  needs  of  each  coastal  notion 
wanting  to  move  ahead  in  this  field  must  be  carefully  studied, 
evaluated,  and  documented.  The  international  agencies  may  be 
the  best  means  for  accomplishing  this,  but  the  present  marine 
scientists  of  the  country  must  be  involved  in  the  elaboration  of 
these  national  needs.  Future  requests  for  assistance  must  be 
relevant  to  meeting  these  national  needs. 

4.  The  universities  in  each  nation,  as  the  traditional  fountainheads 
of  knowledge,  must  be  heavily  involved  in  the  national  marine 
science  program,  for  the  role  of  the  university  is  not  only  the 
importing  of  knowledge  but,  in  fact,  the  generation  of  new 
knowledge.  Marine  science  also  provides  an  intellectual  stim- 
ulus and  challenge  that,  if  properly  met,  can  provide  the 
intellectual  outlet  that  man  as  a reasoning  being  demands. 

5.  Although  intellectual  stimulation  is  an  admirable  national  goal, 
for  many  countries  it  ranks,  on  the  list  of  national  priorities, 
well  below  those  of  adequate  animal  protein  for  a gro'wing 
population,  optimum  utilisation  of  marine  resources,  and  im- 
provement of  the  national  econo.aic  base  and  gross  national  prodvict. 
llie  development  of  a sound  scientific  basis  for  meeting  these  needs 
must  rest  in  the  universities , and  it  is  essential  that  they  be 

a viable  element  of  any  national  program  in  marine  science. 

6.  Ttie  development  of  a m.arinc  science  capability  and  the  increase 
in  the  effective  recovery  of  a nation's  marine  resources  must 
go  hand  in  hand,  must  proceed  cooperatively  together.  This  was 
not  a unanimously  agreed  upon  concept  by  any  m.ean'^.  Those  who 
disagreed  felt,  "Give  us  the  fisli  and  the  oil,  and  we  will  worry 
about  the  science  later."  The  general  feeling,  however,  and 
examples  were  cited,  was  that  any  project  involving  offshore 
resourccs--be  they  living  or  r.onliving--involved  the  accumula- 
tion of  data  that  could  contribv:tc  to  tbc  overall  understanding 
of  the  systems  and  regimes  that  impact  the  resource.  Developing 
understanding  is  the  business  of  research,  so  the  two  are  natural 
allies  and  should  proceed  togother--resource  development  and 
management  and  research. 

7.  Numerous  programs  in  the  past  between  developed  and  developing 
countries  as  well  as  programs  of  international  agencies  carried 
our  in  developing  countries  have,  upon  their  termination,  left 
nothing  behind.  Tliere  was  a co.aplete  consensus  that  local 
marine  scientists  and  technicians  must  be  heavily  involved  in 
any  assistance  program,  to  the  extent  that  they  can  carry  on  chc 
work  when  the  formal  project  is  completed. 
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No  global  solutions  are  possible,  but  rather  each  nation  must 
be  considered  as  a separate  case  vith  unique  national  needs, 
present  capabilities,  degree  of  national  commitment,  abundance 
of  offshore  resources,  and  desire  for  assistance.  These  must 
all  be  considered  in  any  plan  for  assistance. 

Cooperation  nationally  among  the  university  researchers  in 
marine  science  and  the  nonuniversity  groups  involved  in  oceanic 
affairs  (navy,  industry,  fisheries  agency,  geological  survey, 
weather  bureau,  foreign  office,  etc.)  is  essential  if  a firm 
basis  for  the  receipt  of  bilateral  or  UN  agency  assistance  is 
to  be  developed. 

Means  must  be  found  for  generating  a marine  enthusiasm  among 
the  students  wlio  are  attracted  to  science  and  technology  as 
their  life  work.  Visiting  lecturers  and  berths  on  visiting 
research  ships  can  contribute  to  this  kindling  of  an  oceanic 
interest . 


National  mechanisms  must  be  developed  whereby  the  leading 
marine  scientists  hr.ve  a meaningful  input  into  the  formulation 
of  national  policies  affecting  the  ocean  and  marine  resources. 


The-  major  marine  science  need  of  developing  countries  appears 
to  be  the  development  of  an  adequate  critical  mass  of  manpower 
adequately  educated  and  trained  in  technology  to  provide  the 
base  for  intelligent  resource  management  and  recovery. 


Although  fisheries  received  the  major  attention  among  the 
possible  recoverable  marine  resources,  it  v.’as  pointed  out 
repeatedly  that  there  are  other  reasons  for  nations  to  learn 
about  the  sea.  Tliesc  include  mineral  resources  (oil,  gas, 
sand  and  gravel,  the  minerals  in  manganese  nodules,  phospho- 
rite, and  dissolved  minerals),  the  disposal  of  man's  wastes 
(radioactive  and  others),  weather  forecasting,  commerce, 
national  defense,  recreation,  and  the  providing  of  an  outlet 
for  man's  innate  curiosity  about  the  seas  around  him. 

The  results  of  any  experiment  or  study  offshore  by  any  nation 
must  be  integrated  into  the  local  framework,  Tliis  entails  the 
providing  of  results  in  the  form  of  data  and/or  published 
results  as  well  as  spccinKuis  for  the  local  reference  collection. 

In  general,  assistance  is  more  welcome  from  UN  agencies  than 
from  bilateral  arrangements  because  the  receiving  nation  is 
part  of  the  agency  itself  and  the  level  of  trust  is  higher 
than  for  bilateral  arrangements  in  which  there  may  be  some 
degree  of  mistrust  of  the  motives  of  the  more  developed  country. 
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Howc''('r,  bilateral  arranjjements  are  often  preferable  where 
there  are  social  or  political  ties  or  where  a particular  and 
perhaps  unique  capability  is  desired. 

16.  Sophisticated  and  expensive  equipment  should  be  shared  on  a 
regional  basis  w’’';h  the  most  advanced  nation  acting  as  the 
overseer . 

17.  Developing  countries  should  be  accorded  the  chance  and  pro- 
vided with  the  ability  to  make  their  own  decisions. 

18.  Developing  countries  do  not  need  to  start  our  with  the  sophis- 
ticated equipmeriL  in  use  in  the  more  developed  countries.  If 
the  degree  of  accuracy  of  a measurement  is  known,  the  degree 
of  precision  is  less  important. 

19.  Data  per  se  are  useful  only  as  they  contribute--through 
scientific  endeavor-- to  kno-.;ledge . Tliis  reinforces  the  need 
for  good  university  departments  in  marine  science. 

20.  High  priority  should  be  accorded  the  development  of  human 
resources,  and  this  should  probably  be  the  first  rather  than 
nearly  the  last  of  c'nis  series  of  items  on  which  there 
appeared  to  be  genf’^al  agreement. 

21.,  Visiting  "experts"  must  be  carefully  selected.  Ever,  though 
a developing  country  can  benefit  from  a visit  of  e”en  .short 
duration,  it  is  desirable  to  have  these  ‘^xperts  remain  in  the 
country  for  two  to  three  years  if  maximu.-ii  benefits  are  to  be 
realized. 

22.  For  the  more  developed  countries  that  have  some  expertise,  it 
is  often  more  desirable  to  develop  cooperative  bilateral 
arrangements  v.’hereby  they  can  carry  out  joint  projects  to  the 
material  benefit  of  both  nations. 

These  22  concepts  are  ones  that  were  generally  agreed  upon  either 
in  the  rull  meetings  or  in  the  working  groups  or  in  smaller  luncheon 
groups.  There  is  plenty  of  room  for  discussion,  so  if  you  do  not  agree 
with  these  concepts,  I urge  that  you  let  me  know. 

During  the  smaller  working  group  sessions,  there  were  some  inter- 
esting ideas  that  surfaced,  .id  even  though  they  were  not  all  brought 
up  for  general  discussion,  1 na'/e  selected  four  of  them  to  be  noted  in 
a suntiiary  such  as  this  one. 

1.  We  appear  to  be  concentrating  lieavily  on  the  methods  and 

techniques  of  obtaining  assistance  from  tlie  larger  developed 
countries  and  UN  agencies  when,  in  fact,  we  can  do  a great 
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deal  to  help  ourselves  on  a regional  basis.  No  tvo  countries 
have  developed  their  n.arine  science  capabilities  in  exactly 
the  sa.ne  manner  or  to  whe  same  degree.  So  each  nation  in  a 
region  should  identify  its  own  strongest  areas  in  marine  science 
and  those  of  its  neighbors  and  mutuslly  arrange  the  exchanges 
or  other  mechanisms  to  insure  the  maximum  effective  transfer  of 
those  capabilities  among  the  region.  For  example,  Chile  and 
Peru  need  not  go  to  the  United  States  for  help  in  developing 
a seismology  program  when  Colombia  has  a wel 1-developea  effort 
in  this  field,  and,  in  addition,  is  more  familiar  with  the 
South  American  area  and  has  no  language  barriers. 

2.  Mutual  assistance  projects  on  an  institute-to-institutc  basis 
developed  through  personal  scientist- to-scientist  contacts 
can  be  particularly  useful  and  have  the  added  advantage  of 
avoiding  the  delays  and  constraints  often  associated  with  the 
usual  negotiations  between  governments  or  with  the  inter- 
national agencies. 

3.  If  any  of  the  developing  countries  find  themselves  in  the  almost 
enviable  position  of  having  overproduced  m.uiuc  ocleutists-- 
that  is,  having  more  new  PhU's  than  its  own  marine  science  com- 
munity can  absorb--every  effort  should  be  made  to  see  th.at 
funding  is  provided  so  that  these  recent  graduates  can  work  for 
an  extended  period  in  the  developing  countries.  Probably  u UN 
agency  such  as  UNESCO  should  act  as  the  manager  for  any  such 
program  to  insure  that  national  needs  are  matched  tc  avai'ablc 
personnel  and  to  avoid  the  mistrust  or  feeling  that  ulterior 
motives  are  involved  on  the  part  of  the  assisting  nation.  Uoe 
of  this  possible  manpower  source  through  bilateral  arrange- 
ments, however,  should  not  be  ruled  out. 

4.  Senior  scientists  in  other  countries  who  are  willing  to  assist 
fornig-.i  graduate  students  should  be  identified  and  put  in  cor- 
respondence witli  students  working  in  their  field  of  specializa- 
tion. This  would  augiTiont  local  university  capabilities  and 
would  upgrade  the  research  and  thesis  levels  of  graduate 
students  through  the  providing  of  guidance  by  a recognized 
authority  in  the  field,  che  providing  of  reprints  and  literature 
references,  and  the  assurance  that  the  research  is  scientifically 
meaningful.  Particularly  attractive  is  the  fact  that  little  or 
no  funding  is  required. 

In  conclusion,  I would  like--on  behalf  of  all  of-- to  thank  Dr. 

Serfaty  and  the  Bologna  Center  for  their  great  hospitality  and  highly 
effective  staff  support  for  this  workshop.  You  have  a fine  group,  and 
we  wish  you  continuing  success.  Most  of  all  we  are  indebted  to  The 
Johns  Hopkins  University  School  of  Advanced  International  Studies,  wliich 
brought  us  together  and  provided  the  opportunity  to  express  our  own 
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ideas  on  the  important  role  that  marine  science  has  to  play  in  the 
develcping  countries.  To  Dr.  Hollick,  Jim  Zimmerman,  and  all  the  others 
who  made  it  all  possible  we  say  a sincere  "Ihank  you." 


Finally,  on  behalf  of  the  oceati  itself,  I would  urge  that  each  of 
us,  upon  his  return  to  his  own  country,  see  that  the  ideas  we  have 
generated  here  are  v;idely  disfcminated--particularly  to  the  decision 
makers  in  our  governments.  If  this  week  is  to  be  useful  for  the  greater 
understr.nding  of  the  magnificent  complexity  of  the  global  sea  and  for 
our  ability  to  recover  and  manage  its  resources  intelligently  for  the 
general  betterment  of  all  mankind,  it  is  t'ur  responsibility  to  see  that 
these  ideas  do  not  stop  as  a report  but  arc  used  as  weapons  in  the 
continuing  battle  to  understand  and  utiliac  the  ocean  as  one  of  the 
greatest  resources  we  have  on  earth. 


Reprinted  from: 


Sea  Frojit-iera  27,  No.  1,  58. 


HANDBOOK  OF  MARINF  S(  IFNC  l 
\ olimiL-s  I and  II 

N’oliinic  1 F Cl  \Vai  ion  Smmh. 
Fd  I ‘>74  n:7  pp  S4.V‘>.s. 

\'olimic  II  — F.  (i.  VV.M  roN  Smiih 
and  F.  A.  K*i  hi  k.  Fds.  l‘>74. 
pp.  S.1^ -‘’0  C RC  I’rcss.  1S‘X)I  C'ran- 
wood  Parkway.  C'lc\ eland.  Ohio 
44128.  (No  discount.  Order  direet 
from  puhlisher.  I 

Traditionally  marine  scientists  and 
the  hroad  rantte  of  ocean  practition- 
ers have  had  to  rely  on  a \eritahle 
foot  shelf  of  reference  works,  hand- 
books. journals,  and  reprints  to  insure 
the  availability  of  the  tables,  con- 
stants. and  properties  that  the  editors 
have  brought  together  in  these  tine 
volumes.  They  and  the  several  in- 
dividual authors  have  in  these  volumes 
provided  a badly  needed  service  to 
oceanography  and  ocean  engineering. 

The  oceans  encompass  many  sci- 
ences. and  so  the  ocean  scientist  has 
been  forced  to  go  to  the  handbooks 
of  many  disciplines  to  find  the  num- 
bers he  needs  in  his  work  't  hese  vol- 
umes remove  this  annoyance  nicely  by 
pulling  together  a most  complete 
compendium  of  the  tables,  constants, 
etc.,  that  vKcan  people  need. 

'The  first  volume  consists  of  tabu- 
lated data  on  chemical  oceanography . 
physical  ivceanography . meteorology, 
marine  geology,  ocean  engineering, 
and  general  tables.  The  second  vol- 
ume includes  sections  on  primary  pro- 
ductivity. phytoplankton,  zooplank- 
ton. and  the  si/e.  distribution  and 
catches  of  the  commercial  fishery 
stocks  of  the  world. 

These  volumes  are  a must  for  the 
practicing  marine  scientist  and  en- 
gineer It  is  suggested  that  each  have 
his  own.  for  the  library  copies  are 
sure  to  be  in  use  elsewhere.  H B S..  Jr. 
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OCS  Conference  and  Workshop,  Marine  Environmental  Implications 
of  Offshore  Oil  and  Gas  Development  in  the  Baltimore  Canyon 
Region  of  the  Mid-Atlantic  Coast. 


THE  NATION.M,  CCE AMC 
AND  THE  OUT 


AND  ATMOSPIIEKIC  ADMINISTRATION 
ER  CON'HXENTAL  SHELF 


Era'ris  R.  Stewart,  Jr. 

NO AA  /vE  hilic  Oco.'ir.oaraphic  and 
Ivleteox clo^L.iral  I.aboi arorios 

Frank  Hcbard  ot  NOA.A  ileadquartcrs  wa.s  scheduled  to  pive 
NO.AA's  views  relevani  to  ihe  Outer  Continental  Si^elf,  but  he  is  unable 
to  in;d;c  it  and  n.'’:ed  to  do  it  for  him.  One  of  the  nice  thin'ts  about 
beinr^  a substitute  speaker  is  tlaat  you  can  throw  out  what  the  other  iri:in 
has  prepared  and  say  wliat  you  want,  and  he  has  relatively  little  re- 
course. This  is  ills!  what  I liavo  done  with  the  exception  of  a bit  of 
boiler  idate  that  I asked  NOAA  Headquarters  for.  1 did  ask  Frank  to  pro- 
vide me  with  some  inlorm.'ition  on  tiie  reiovanr  ;iuuioi  ity  and  u ;.'.islatlon 
for  NO.A.A's  involvement  on  the  Outer  Continental  Shelf.  Tiiat,  after  all, 
is  Chat  this  session,  v.nlh  presentations  by  the  Federal  apeneies  is  sup- 
no<'ofi  to  bo  all  n'lout.  so  I felt  it  should  be  included.  I will,  however, 
kee  p this  to  an  n.in  olute  minimnm  atid  tl'.en  pet  on  to  thinps  tliar  1 con- 
sider to  be  somewhat  mono  interestinp. 

Bi  iefly,  tlic  Icpislative  responsibilities  of  NOAA  which  are  re- 
lated to  tlie  impact  of  OCS  oil  and  gas  development  are  included  in  four 
pieces  of  legislation: 

1.  Coastal  Zone  Management  Act--Section  303  of  llie  1972 
Coastal  Zone  Managenumt  Act,  which  is  adiuinistered  by  U.S.  Depart- 
ment of  Commerce,  states  that  "it  is  the  national  policy  ...  to  pre- 
serve, protect,  develop,  and  where  possible,  to  restore  or  enhance, 
the  resources  of  the  nation's  coastal  zone  for  this  and  succeeding  gen- 
erations." The  same  section  also  states  that  ’ it  is  tlie  national  policy 

. . . to  achieve  wise  use  of  the  land  and  water  resources  of  the  coastal 
zone  giving  full  consideration  to  ecological,  cultural,  historic,  and 
aesthetic  values  as  well  a.s  needs  for  economic  development. " The  best 
hope  for  incor))orating  this  national  policy  into  coastal  zone  management 
programs  is  the  environmental  impact  statement  process  under  the  Na- 
tional Environmental  Policy  Act.  The  requirement  for  the  HIS  by  the 
Bureau  of  Land  Management  prior  to  the  granting  of  exploration  and  de- 
velopment leases  is  then  in  direct  compliance  with  the  National  Envi- 
ronmci'.tal  Policy  Act  and  furthers  the  national  policy  enunciated  in  the 
Coastal  Zone  M:'.:’a::c:urnt  Act. 

2.  Marine  Protection,  Research  and  Sanctuaries  Act,  ap- 
proved on  October  23,  1972.  assigned  the  Secretary  of  Commerce  in 
Title  11  responsibilUy  for  initiating  a comprehensive  and  continuing 
program  of  ro.'^oarch  with  respect  to  long  range  effects  of  pollution, 
overfishing,  and  man-induced  changes  of  ocean  ecosystem.  Title  in 

8 


pro\'iclcs  r-nf  tin-  Sorrot:ivy  of  Ci;mn;ercc  in  consiillation  -.vith  othoi- 
ir.'i;'  dcsi'.P.Alo  mni-inc  siinc-PaHriin;  a?  iai'  .‘■•oaward 
as  t.ho  outer  cdt;-c  of  the  Continental  Sliclf  to  prcccrve  or  restore  such 
areas  for  eonser''at.on,  recreational,  ecuIoi;ical,  or  aesthetic  values. 

3.  Keoi-aaniaaiioa  Plan  Xo.  4 of  1D70,  E::ecutive  Greer 
11564  of  Ocioher  6,  1970,  vests  in  the  Secretary  oi  Commerce  func  - 
tions which  inclucle  the  [jatherina,  procossin^%  analyzin',!;  ;und  interpre- 
ting i f da^a  a.nd  the  perfonnance  of  relevant  rescarcii  which  insures 
the"  safei  ; -okI  weP'are  of  the  public,  and  furthers  the  nation's  interests 
ind  activities  with  respect  to  the  protection  of  public  health  against 
environmental  poila;ion,  fhe  protection  and  management  of  the  nation's 
biological,  mineral  a.nd  water  resources,  the  maintenance  of  envu'on- 
tnenlal  ciualitv , fisheries,  industry,  travmporiation,  dhd  the  preserva- 
tion of  The  nation’s  recreation  areas. 

4,  Under  16  U.  S.  C.  742d,  NOAA  i.s  authorized  to  conduct 
investigations  and  other  activiiies  regardiiisi;,  among  other  things  the 
availability  and  abundance  and  the  biological  requirements  of  the  fish 
and  wildlife  resources.  16  U.S.C.  742f(a)  (4)  authorizes  NOA.A  to  take 
such  steps  as  may  be  required  for  tlie  development,  advancement, 
maitagemciu,  conservation,  and  protection  of  the  fishnnios  resources. 

That  briefly  covers  NOA.A's  statutory  responsibilities  in  the  DCS 
area.  Tochnicallv  I have  now  covered  what  was  e>.;)cctcd,  and  1 could 
sit  down.  However,  all  of  us  are  hero  to  accomplish  a job  for  Uic  tturcau 
of  Lard  3ilanagcmeni,  and  I feel  tiiat  NO.'.A's  contribnTinu  to  this  cbicc- 
tive  can  be  considerably  moi’O  than  a sterile  listing  of  our  Icgishiiive 
and  e.V'U'utive  r.''Si'jnsiV;ilities  in  the  OCS.  Therefore,  for  the  remainder 
of  the  NOAA  piich  1 plan  to  cover  two  points.  The  iirsl  of  tlicse  is  a brief 
summar;  of  what  we  a.re  now  doing  in  the  northeir.  part  of  the  Baltimore 
Canyon  Trough  area  in  our  Now  York  Biglu  I'>I.irino  Ecosy_*en)S  Analysis 
(MESA)  program,  and  the  .second  is  a summary  of  the  thinidng  that  NCAA 
has  already  clone  regarding  what  we  feel  RLM  should  undertake  regard- 
ing the  environmental  assessment  of  oil  and  gas  dev'olopment  in  “ihe  Badi- 
moro  Canyon  Trough  area. 

But  let  me  digress  a moment.  As  a former  i.icmber  of  the  Advisoiw 
Committee  on  Ur.dersea  Features  of  the  U.S.  Board  on  Geographic  Names, 
I object  to  the  term  Baltimore  Canyon  Trough.  I know  how  it  came  about; 
there  is  a trough  in  the  basement  at  (he  outer  edge  oi  the  Coidincntal 
Shelf  filled  with  something  between  five  and  six  kilometers  of  consolidated 
sediment.  The  nearest  surficial  topographic  feature  is  the  Baltimore 
Canyon,  so  in  order  to  identify  both  the  trough  itself  and  its  ncare.st 
topogr.gphic  feature  in  the  name,  someone  came  up  with  Baltimore 
Canyor;  I rough  as  the  name  for  this  structure.  Personally  1 object  to 
seeing  "canyon"  arc  "trough'  in  the  san^e  name,  so  J would  propose 
the  terqi  Mid-Atlantic  Shell  .-\rea  for  the  area  under  discussion  during 
these  worltshops. 

Whatever  you  want  to  call  it,  NOAA  in  our  MESA  Progiarn  is  even 
now  ecnducting  a fairly  intensive  study  of  the  northernmost  portion  of  the 
area  under  consideration,  and  I feel  that  it  is  important  for  this  group  to 
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havo  a quick  overview  of  whal  we  are  doin'jj  in  Iho  area  called  the  Ne'.v 
York  Biqht.  For  Iho  coniplolo  detai'a,  I refer  you  to  the  kIL’SA  Annual 
Foport  r.ov.'  in  the  final  si'r.pcs  of  irrc  pa  rat  ion.  It  should  be  available 
from  the  AIESA  Project  Oiiice  (Marine  Sciences  Research  Center, 
SUNY.  Stony  Brook,  New  York  11794)  in  a month  or  so.  Briefly,  MESA 
is  direcicd  towards  jjrovluir.p:  tlte  environmental  framework  required 
by  those  concerned  with  malii.ip  decisions  on  the  use  of  some  15,000 
square  miles  of  ocean  and  seafioor  lying  south  of  Long  Island  arid  east 


of  New  Jersey. 

Working  with  the  results  of  surface  and  seabed  drifters,  anchored 
arrays  of  current  motors,  free-drifting  drogues,  ERT3  images,  and 
contributing  resulis  from  the  chemical,  biological,  and  sediment  studies, 
we  are  t)eginning  to  get  a feel  for  tiio  circulation  in  tiie  area  and  some- 
thing 01  the  variations  with  time.  Wo  liavo  worked  v.'ith  the  sustjcnded 
sediments  and  studied  in  detail  the  interrelationship  of  the  bottom  sedi- 
ments and  the  dynamics  of  the  bottom  of  iho  water  column.  We  have 
studied  the  distribution  of  hydrocarbons,  total  organic  carbon,  carbo- 
hydrates, and  heavy  metals.  We  have  collected  and  studied  the  benthic 
organisjns  in  the  area,  and  we  have  sampled,  photographed,  side-scan- 
sonared  (if  there  is  such  a word),  dived  on  wiUi  SCUBA  and  submersi- 
bles,  plotted,  and  contoured  the  bottom.  We  iiave  discovered  the  topo- 
graphic effects  of  35  years  of  dumping  cellar  dirt  and  debris,  wc  have 
used  the  by-products  of  acid  wmste  dumping  to  trace  the  routes  this  ma- 


terial takes,  wo  have  seen  the  effects  of  offshore  dumping  on  tlie  or- 
ganisms ill  the  area,  and  ’.vc  have  evabuded  potential  alternate  dump- 
sites.  We  have  used  radioisoiopes  to  trace  tiie  movement  of  bottom 
sediments  and  have  planted  current  meters  in  the  Hudson  \kalley  and 
the  Hudson  Canyon  to  measure  water  movements.  When  I say  ”we”, 

I mean  the  MESA  Project,  and  there  are  a good  many  involved  other 
than  NOAA.  To  date,  for  example,  some  17  university  groups  have 
been  involved  running  the  alphabetical  gamut  from  Adelphi  to  Yale,  and 
at  least  13  other  agencies--fcderal,  state,  and  local--have  also  been 
involved. 


MESA  is  a complex  study  of  the  total  ecology  that  can  be  accom- 
plished only  when  biologists,  gcolociist s,  chemists,  physical  oceanog- 
raphers, fisheries  specialists,  data  processers,  ship  operators, 
project  managers,  and  a whole  raft  of  others  can  be  pulled  together 
into  a team  effort.  It  is  an  exciting  concept  both  scientifically  and 
managcrially,  and--I  am  pleased  to  say--it  seems  to  bo  working.  It  is 
just  this  sort  of  multidisciplinary  cooperative  effort  that  must  be 
brought  to  bear  on  the  Baltimore  Canyon  Trough  area,  so  I strongly 
suggest  tliat  whoever  ends  up  managing  the  BCT  Project  plan  to  sit 
down  with  NOAA's  MESA  people  and  learn  where  we  have  succeeded, 
where  wc  have  h.acl  problems,  and  benefit  from  our  experience. 

We  anticipate  our  MESA  activities  in  the  New  York  Bight  area 
to  continue  for  at  least  three  more  years  and  fed  that  it  will  make  a 
■'onsidcrable  contribution  to  the  overall  understanding  of  the  Baltimore 
C.anyon  Trough  area.  Any  BCT-OCS  studies  should  be  coordinated  with 
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NOAA’s  MI£SA  activities  in  tltc  nortliorn  part  of  tlic  proposed  study 
area, 

T!'.e  second  point  t!vt  I want  to  cover  is  NOAA's  thoughts  to  date 
on  just  what  BLM  should  l;now  about  the  area  Ln  order  to  meet  their  I'o- 
sponsibiliiios  for  emaronmcntal  assessment  relative  to  tlie  leasincj  of 
oifsliorc  acrea^’c  for  oil  amd  gas  development.  \Vc  in  NOAA  began  thini:- 
ing  seriously  about  this  problem  last  spring.  We  were  goaded  into  ac- 
tion by  two  developments.  The  first  of  these  was  the  realization  that  the 
MAPI  A exercise  in  St.  Petersburg  last  wimor  was  really  just  the  first 
of  se\'ej-ai  comparable  exe^'clses  rmd  tiiat  Interior  apparently  was  seri- 
ous abo’.it  movi:".!'  ahca.d  tvlih  the  Icasin!'  of  large  acreages  on  the  Outer 
CoittincrPal  Slicb’.  If  there  were  OCS  cjjvirojmicntal  assessments  to  l)0 
made,  v.’C  felt  that  NOAA.  of  all  tlic  Federal  agencies  was  the  logical 
group  lo  carry  them  out.  Since  tlten,  wo  ha.vc  been  given  the  manage- 
ment responsibility  for  several  of  the  Alaslaan  areas,  and  this  work  is 
even  now  under  way.  The  second  development  that  spurred  our  thinking 
relative  to  OCS  development  was  the  rider  on  the  Enev^'  Ucsearch  and 
Development  Bill  that  provided  the  funds  to  reactivate  three  NOAA  shijnt 
that  had  been  laid  up,  the  DISCOVEIfER,  SUKV’EYOR,  and  the  NIILLER 
FREEM.AN  but  with  the  proviso  that  these  ships  be  used  for  energy  re- 
lated work  at  sea. 

Early  Inst  summer,  NO.AA  brought  together  biologists,  fisheries 
experts,  geologists,  physical  oceano!;rapliors,  marine  chemists,  me- 
teorologists, and  data  management  specialists  from  NOAA  facilities  on 
both  coasts  for  a solid  wee!:  of  discussions  and  planning.  Th.cse  sessions 
came  up  with  a rough  draft  document  detailing  the  environmental  in- 
formation we  felt  fliat  BLM  should  have  for  the  BCT  area.  It  was  strictly 
an  interna!  document,  and  it  has  gone  through  several  iterations  since 
then.  My  own  personal  feeling  is  that  a batch  of  good  scientists  have 
given  the  problem  a good  deal  of  serious  Ihouglit  and  that  wo  in  NOAA 
should  make  our  thinking  to  date  available  to  this  session  so  that  you 
can  mull  over  our  ideas  and  throw  them  out  or  adopt  them  as  you  see 
fit.  We  will  have  about  inc  day  or  less  available  for  the  actual  work- 
shops, so  if  we  can  assist  in  making  those  as  effective  as  possible,  v.'e 
want  to  do  so.  1 have  talked  to  Gone  Cronin,  and  he  has  agreed  to  have 
duplicated  from  our  draft  document  the  sections  on  physical  oceanography, 
chemistry,  geology,  and  biolog>’  for  the  use  of  the  Chairman  of  each  of 
the  workshops  to  be  held  during  this  meeting. 

In  the  time  remaining  to  me  here,  I would  like  to  highlight  some  of 
NOAA’s  thinking  about  the  environmental  assessment  of  OCS  development 
in  the  Mid-Atlantic  Shelf.  Perliajbs  what  follows  can  be  used  as  a straw 
man  during  your  workshops  on  Tuesday  evening  and  Wednesday. 

Our  feeling  is  tliat  there  arc  a goodly  number  of  really  interesting 
scientific  problems  in  the  area  under  consideration  that  it  would  be  nice 
to  work  on  with  BLM  funding.  I am  sure  that  many  of  you  here  feel  the 
same  way,  Howei’cr,  the  era  of  unfettered  marine  research  on  someone 
elso's  money  appears  to  be  on  the  way  out,  and  we  as  marine  scientists 
have  been  forced  to  focus  our  attention  on  those  marine  problems  which 
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someone  has  money  to  have  solved.  In  this  case,  the  Bureau  of 
Luaci  iManu^oiueai  must  have  imormation  on  tlie  poicntial  environ- 
mc'nt.il  iiijoact  of  oil  and  pas  development  on  the  OiMcr  Coiiti’''ental  Shell 
I am  ; are  that  tiiey  vould  like  to  suprort  a hip  propram  of  basic  occJm-  ' 
opraphic  research  if  they  could;  but  they  have  rc^.uirements . and  ve  had 
better  tailor  our  ivorkshop  recommendations  to  tlieir  requirements.  If 
.ve  fui/  pet  some  pood  science  om  oi  die  exercise,  so  niucli  the  better 
lor  us,  but  that  is  not  BLM's  purpose.  With  this  as  backproiuid,  I would 
like  to  give  you  a quick  summary  of  (he  results  of  our  thinJdn-  on  what 
a piogram  .or  BLM  on  the  BCT  Outer  Continental  Shelf  mipht  entail. 


ISSUES  OF  CONCERN 

There  are  six  main  issues  that  wo  feel  Uiat  BLM  should  be  con- 

aie  directly  related  to  ihe  possible  cnvironmen- 
consequences  of  tne  proposed  oil  tmd  gas  activities  on  the  Outer  Con- 
tinental Snelf  in  the  BCT  area. 

<_hof^e^a_spppcj^o^lho  environment  most  subiect 
jo^jdip ngc  as  a result  of  tiic  anticipa ted  activity  ? " ' 

, . Some  changes  may  result  in  environmental  modifirat ions 

as  ’-good",  e.i*. , the  development  of  ecological  niches  around 
pi nnm  finn  pladfornis  w.here  r-  ^ ■ 

!•  . *- '-'1  i A XU  ci c ictiot  t liSl'iiiii' 

quaiKiues,  or  "bad" modifications  such  as  ihosc  to  be  expected  to  result 
lom  Lie  accidental  introduction  of  hydrocarbons  or  liea\w  metals  in^o 

in  the  first  12  to  18  months  will  include  studies 
to  identiiy  and  understand  the  role  of  those  elements  most  susceptible 
to  the  expected  environmental  impact  of  petroleum  activities. 

hurricanes  and  ether 

— othe>  na'iural  environ'^ 
m^daj_ha^ras  whmh_^ould  result  in  the  a^cidonial  discharge  of“oiTor 
ot  ter  containiiKints  into  the  environment? 

only  is  this  information  needed  to  obtain  some  feel 
the  frequency  and  intensity  of  natural  phenomena  that  mirht  result 
in  aoleterious  environmental  impacts,  but  it  is  also  needed  to  assist 

criteria  for  the  consti-uction  of  the  drilling,  pro- 
fbo  n transportation  facilities  required  to  obtain  petroleum  from 

the  area  and  deliver  it  to  the  coast  for  processing. 

the  e oM  phase  study  would  be  an  evaluation  based  on 

the  aiailable  historical  data,  and  subsequent  studies  should  provide 
nproied  estimates  related  to  specific  lease  areas.  In  particular  sur- 
ace  wave  data,  now  almost  totally  lackmg  from  the  Baltimore  Canyon 
Trough  area,  will  have  to  bo  develO]icd  through  a field  program  in  thoce 
phases  subsequent  to  the  12-18  months  of  the  initial  study 
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3.  V.’Wit  nro--r>.nd  !-!Ov^cfrcfr:\^  a rc--thc  r.hvsical  transport 
mechanisms  which  v;iTi  povorn  the  distj-ihution  of  conianiinants  ? ’ 

This  is  perhaps  tlio  single  mosf  basic  ciement  of  tlie  studv 
in  that  it  v.ill  permit  predictions  of  the  trajeciories  and ’^•■astal  arrival 
areas  of  oil  spills  or  of  other  Introduced  centarninants  ai  i enable  these 
to  be  related  to  possibly  environmentally  sensitive  areas  as  well  as 
providing  information  loading  to  an  understanding  of  tlie  distribution  of 
sucii  free-floatiiv';  biological  elements  as  phytoplankton,  larv^ae,  fish 
eggs,  etc.  la  addition  lietler  knowledge  of  t!ie  pliysical  transport  mech- 
anism will  assist  in  t.'ie  intelligent  loraiion  of  long-teim  environ- 
mental monitoring  stations  within  the  area.  The  study  during  Uie  first 
12-18  monilis  will  produce  a general  desci-ipiion  of  the  ciiculaticn  pat- 
terns within  tlie  Baltimore  Canyon  Trough  area  and  will  include  the 
initiation  of  the  field  measurement  program  which  over  the  longer 
period  will  produce  the  more  detailed  picture  of  the  circulation  pattern 
and  its  variations  with  time.  These  data  are  essential  inputs  to  a rea- 
listic trajectory  and  landfall  prediction  model  which  will  be  initiated 
during  the  first  phase  and  refined  as  the  additional  data  become  avail- 
able. Initial  studies  of  sedimem  t^"pcs  and  distribution  v;ill  provide  a 
prelimmaip,'  estimate  of  transport  or  accumulation  of  coniaminauts  in 
the  sediments,  whereas  continuing  studies  of  the  dynamic  processes 
operating  at  the  bottom  will  provide  the  more  complete  understanding 
of  the  sotaco-flux-sin!;  system  wiiieli  will  determine  tl'.c  ultimate  I'^to 
of  contaminants  wliich  become  part  of  the  bottom  sedimentary  regime. 


4.  What  are  the  background  levels  of  oil  and  selected  hca\w 
metals  in  the  environment  and  t!:e  sources  and  sinks  of  these  materials? 

With  tlie  large  volume  of  heavy  metals  and  petroleum 
products  introduced  into  the  Baitiiiicrc  Canyon  Trough  study  area  through 
coastal  runoff  from  the  heavily  industrialized  region  bordering  the  area, 
offshore  dumping,  hoa\7  shipping,  the  inti-oduction  of  airborne  contam- 
inants, and  the  possibility  of  natural  oil  and  gas  seeps,  the  first  12-18 
months  can  provide  no  more  than  a preliminary  evaluation  of  the  levels 
of  these  contaminants  in  the  water  colunm  and  the  sediments  at  a few 
selected  sites.  However,  this  information  is  essential  in  the  establish- 
ment of  "baseline  levels'  against  which  future  measurements  will  be 
compared.  During  the  remainder  of  the  study  period,  additional  samp- 
ling will  provide  a better  understanding  of  Ihe  pre-drilling  areal  and 
temporal  variations  in  these  contaminant  concentrations,  and  the  study 
will  be  extended  to  include  concentrations  within  the  biota.  Special 
studies  aimed  at  determining  specific  indicator  elements,  compounds, 
or  organisms  especially  indicative  of  or  susceptible  to  introduced  con- 
taminants will--if  surcossful--cnable  subsequent  post-drilling  estimates 
of  the  environmental  effects  of  those  OCS  activities. 

Monitoring  on  a continuing  basis  should  commence  just 
prior  to  the  initiation  of  drilling  activities  in  the  Baltimore  Canyon 
Trough  area. 
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5.  :’.a.tur:il  r.bvinr^'^.nro  :-.nd  d:5-'^ril)iition  vi^hin 

'’  •'  }'.n i' in'. V I ro  ('  '•'■'  C.'  l ;.rcn  o:  nU”.'.''  tho  Moji 

1 nipv)i’ti.n 1 1 ii'uiii  tiic  poiiil  Oi  ('jL  spon*.  ..mi  _ c*.il  1 i rio s 

within  t.he  ovcr.all  iood  v.’eb,.or  import  ant 

“ h’Gquircd  is  informaiicn  on  the  acute  mortality  of  se- 

lected organisms  and  such  long-tciin  .sublctlial  effe  cts  .as  reduced 
rales  of  reiji eduction  and  survival  and  interference  Vvdth  migration 
routes. 

The  first  12-18  months  of  effoit  will  be  directed  to- 
wards the  e'.  a’nalion  of  existing  data  from  the  Baltimore  Canyon  Trough 
area,  experimental  design,  and  preparation  of  facilities  for  the  more 
detailed  effort.  For  th<*  remaining  period  it  is  proba’ole  that  onh  pre- 
liminary results  can  be  expected  from  the  siuciie.s  of  subiethal  effects, 
but  the  groundwork  will  have  been  laid  for  continuing  research  on  this 
aspect.  On  the  other  hand,  the  study's  results  should  be  accurate  and 
complete  enough  at  the  end  of  tlie  3 to  5 year  period  to  provide  a rea- 
sonable predictive  capability  for  acute  toxicity  response  in  selected 
organisms. 

6.  Vv^jiat  physical  interference  with  fishing'or  other  human 
activities  wil I re.su It  f roin  oil  and  gas  dcvclopnicnt  in  the  Baltimore 
Canyon  Tror.gli  area? 

~ This  a.sneci  of  the  .study  will  .allow  estimates  to  be  made 

as  to  the  extent  ’o  which  OCS  dcvt'a'>p:rent  will  inlej-fo'C  subst.antially 
witii  commercial  fisiiing  (h'-ough  fouling  ncis  or  i!npcding  ti'.awling 
operations  or  wi;h.  con;morciai  shipping  (lirough  introducing  naviga- 
tional hazards  in  areas  of  shipping  activity. 

These  aspects  shox'.lcl  be  determined  in  tlic  first  12-18 
montlis  by  determining  the  nature  and  extent  of  commercial  fishing 
operations  and  shipping  activity  wivhin  the  Baltimore  Canyon  Trough 
area  and  by  correlating  these  findings  with  re.'r'ults  observed  in  other 
offshore  areas  where  oil  and  gas  production  is  already  under  way. 

But  enough  of  the  glowing  generalities,  what  are  the  specifics  that 
should  be  incorporated  in  any  plan  for  the  environmental  assessment  of 
the  proposed  leasing  activities?  Again,  I would  go  bad:  to  the  work  that 
NOAA  has  already  done  in  thinking  about  this.  As  I said  earlier,  the  de- 
tails are  being  provided  to  the  Worksiiop  Chairmen  for  consideration,  but 
I would  like  briefly  to  hit  the  highlights  of  each  major  discipline. 
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PHYSICAL  OCEANOGRAPHY 


The  proposed  OCS  activities  will  have  little  effect  on  t'lo  physical 
oceanography  of  Uie  area.  The  one  possible  exception  is  the  optical 
properties.  These  may  very  possibly  be  modified  by  suspended  maieriai 
in  the  v;ater  resulting  from  the  disposal  of  formation  water,  well  cuttings, 
and  drilling  muds.  Therefore,  baseline  studies  on  turbidity  measured 
in  situ  by  a spectral  irra.dience  meter  should  be  carried  out. 

A historical  summary  of  the  marine  climatology  sliould  be  made, 
and  much  of  this  iuformation  has  already  been  compiled  and  is  available. 
Sea  state  forecasts  should  be  improved,  and  a spectral  wave  model  for 
hurricanes  and  winter  storms  should  be  developed.  A pre-drilling  sur- 
vey of  the  occurrence  of  sea  slicks  sliouid  be  carried  out,  and  NO.A.A 
has  learned  that  the  Coast  Guard  through  the  Pollution  Prevention  and 
Enforcement  Branch  of  their  Marine  Environmental  Protection  Division 
has  for  several  years  been  running  slick  surveilla’ice  flights  at  the  rate 
of  two  per  week.  They  have  also  agreed  to  make  these  data  available, 
so  no  additional  work  on  this  aspect  needs  to  be  planned. 

The  most  important  aspect  of  physical  oceanography,  however,  is 
its  role  in  predicting  the  routes  and  possible  landfalls  of  environmental 
contaminants  introuuceu  into  the  environment  as  the  result  of  an  accident- 
al oil  spill.  We  envision  a combination  of  at  least  montlily  STD  observa- 
tions at  repent  stations,  a minimum  set  of  two  cross-shelf  lines  of  three 
or  four  current  meter  stations  each  with  four  meters  on  each  string  to 
run  at  least  one  full  year,  and  monthly  plants  of  free-drifting  telemeter- 
ing buoys  wliich  will  move  through  the  current  meter  array  providing  at 
least  positicn  daia--prcbably  via  a satellite  such  as  NIMBUS-F.  Don 
Hansen  of  NOAA's  Atlantic  Oceanographic  and  Meteorological  Labora- 
tories in  Miami  has  come  up  with  a very  nice  scheme  to  determine  the 
appropriate  dispersion  tensor  coefficients  using  a combination  of  tliese 
Eulerian  ajid  Lagrangian  current  measurements.  These  he  would  use 
as  inputs  to  an  advanced  predictive  model  for  the  trajectory  of  a con- 
taminant introduced  at  any  point  withm  the  BCT  area.  His  concept  is 
an  interesting  one,  and  I have  had  a copy  of  liis  formulation  made  for 
the  Chairman  of  the  Physical  Oceanography  Workshop. 


CHEMICAL  OCEANOGRAPHY 

In  considering  the  chemical  aspects  of  the  problem,  we  see  five 
major  objectives: 

1.  To  describe  the  baseline  concentrations  of  those  chemicals 
which  may  be  released  into  the  environment  from  offshore  oil  and  gas  de- 
velopment, and  we  consider  hydrocarbons  and  metal  com{X)unds  as  the 
most  important.  Studies  should  include  dissolved  and  suspended  chemicals 
in  the  water  column,  in  selected  organisms,  and  in  the  bottom 
sediments. . 
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2.  To  dovr-lon  the  r-bility  to  dotrrminc  the  som'cc  of  hydro- 

' ...vr  i'  lu  oi'udr  rdl.  ixTincd  oi]  p;v'c;ucts.  or  na- 
turally occurrinp;  hydrocarbons.  The  reliability  of  usiny;  selected  spe- 
cific hydrocarbons  as  "indicators"  of  offshore  oil  pollution  should  be 
in\ 

3.  To  determine  the  inputs,  transport  patljways,  and  sinks 
for  selected  hydrocarbons  and  trace  metals  by  studies  carried  out  in 
cooperation  with  the  biological,  physical,  and  sedi’nentological  projects. 

4.  To  establish  a monitoring  .system  so  that  possible  en- 
vironmciual  effects  from  offshore  oil  and  gas  development  can  be  evalu- 
ated. 


5.  To  maintain  a research,  development,  tost,  and  evalua- 
tion program  so  tliat  sampling  procedures,  monitoring,  and  analytical 
techniques  will  be  of  the  highest  quality. 

More  specifically,  as  proposed  by  Doug  Segar  of  my  labs  in  Mi- 
ami, water  column  assessment  duri.ig  the  baseline  phase  should  be  car- 
ried out  along  two  to  five  lines  of  cross-shelf  stations,  and  these  should 
bo  the  same  stations  at  which  ])hysical  measurements  are  made  and 
samples  taken  for  biological  and  sedimenlological  studies.  At  each  sta- 
tion, measurements  should  be-  made  of  salinity,  temjifial  're,  depth, 
dissolved  o.xygon,  total  iiydrocarbons,  individual  hydrocai'bons,  dis- 
solved and  particulate  total  organic  carbon,  and  the  trace  metals,  Fe, 
Ni,  Cd,  Cu,  Po,  V,  Ba,  and  Cr.  The  suspended  matter  should  also  be 
examined  physically  and  chemically  for  Iiydrocarbons  (if  possible),  total 
organic  carbon,  Ca,  Si,  Fe,  Cd,  Ni,  Cu,  Pb,  and  Ba.  Sediments  and 
organisms  should  also  be  analyzed  for  iiydrocarbons  and  trace  metals 
with  only  slight  variations  in  the  lists  as  given  for  the  water  column. 
Sugar's  evaluation  of  the  problem  and  his  proposed  solution  go  into  much 
more  detail  than  I can  give  here,  but  I would  add  that  particular  care 
must  be  taJien  in  the  sampling,  shipping,  and  analysis  of  the  hydro- 
carbons and  that  special  attention  should  be  paid  to  having  some  method 
for  standardizmg  analytical  tecliniqucs  so  that  analyses  made  by  dif- 
ferent laboratories  can  be  intcrcompared.  Bum  teclmiques  give  bum  re- 
sults, and  this  work  must  be  good.  Segar's  recommendations  in  toto 
have  been  provided  to  the  Chairman  of  the  Chemisti-y  Workshop  as  a 
straw  man  for  his  consideration. 

Since  Don  Swift  who  put  together  the  geology  section  of  NOAA's 
ideas  on  all  of  this  is  giving  an  invited  paper  tomorrow,  and  because 
Jack  Pearce  of  NOAA's  Sandy  Hook  NIMFS  Laboratory  who  generated 
most  of  the  biology  and  fisheries  part  of  our  thinking  to  date  is  also 
giving  an  invited  paper,  and  more  importantly  because  I am  running 
out  of  my  allotted  time,  I must  give  an  undeserved  short  shrift  to  the 
geology  and  biology  portion.s  of  this  paper.  I apologize  to  them  and 
to  vou  for  this,  but  1 don't  feel  too  badly  knowing  that  their  respective 
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’ o>-)  rhr>i '^nsen  hn.ve  received  their  lhoup,hls  on  paper  end  that  botli 
Don  S^vifl  and  Jack  Pearce  will  aueiid  tiiese  i..  lac.'.. 


GEOLOGICAL  OCEANOGRAPHY 


Briefly,  theobieetive  here  is  to  assess  those  aspects  of  the  sui)' 
straie--bottom  sedinients--relev'>,nt  to  the  im’pact  of  tl'.o  C'ovelnpn’ent 
of  oil  and  itas  resources  on  the  Outer  Continental  Sheii  lu  the  BCT  area. 
Wlait,  for  example,  becomes  of  drilline;  muds  and  hydroembors  that 
find  tlicir  wav  into  the  sediments?  V/hat  processes  move  them  about? 


IVill  sinr;;Ie-incident  contaminants  be  buried  by  sv.b'-copicm.  sedintenta- 
tion  or  will  they  be  resuspended  and  mo\'ed  eisewhero?  Are  some 
areas  more  likely  than  others  to  become  sinks  for  conlaininants?  Can 
sediment  type  bo  used  as  an  indicator  of  a specii'ic  benthic  community 
of  organisms,  or  must  all  organisms  be  sampled  throughout  the  entire 
area?  What  is  the  fate  of  ihe  finer  grained  contaminants  that  become 
part  of  and  move  with  the  suspended  sediments?  Is  the  calm-weather 
sedimentary  regime  or  the  occasional  storm  regime  more  effective  in 
modifying  the  bottom?  These  arc  tiio  sorts  of  questions  that  the  sedi- 
menlological  portion  of  tne  geoiogicctl  oceanograpiiy  progrnm  must  an- 


swer. 

The  UflGS-Woods  Hole  Oceanographic  Ir.slitution  efforts  have  al- 
ready done  the  reconnaissance  sampling  of  the  surficiai  sediments  of 
the  area,  but  more  detailed  sampling  is  needed  for  the  present  project. 
Blanket  sampling  of  the  whole  area  is  out  of  the  question,  so  a nested 
or  stratified  sampling  program  in  "critical"  areas  is  called  for,  A good 
deal  of  s'ediment  work  has  already  been  accomplished  in  the  BCT  area 
by  abroad  spectrum  of  investigators  including  NOAA,  USGS,  Woods 
Hole,  VIMS,  EPA,  University  of  Delaware,  and  others,  and  these  re- 
sults must  be  considered  in  planning  for  any  additional  work. 

The  bathymetric  maps  of  Stearns  and  of  Stearns  and  Garrison 
cover  (lie  northoi*n  half  of  the  area,  and  the  work  of  VIMS  covers  the 
southern  half.  However,  these  hvo  efforts  are  at  different  resolutions, 
and  NOAA's  National  Ocean  Survey  is  even  now  undertnJcing  the  compil- 
ation of  these  two  works  and  their  owm  into  a series  of  1:125,000  bathy- 
metric maps  of  the  area. 

The  area  under  consideration  is  one  consisting  primarily  of  a sheet 
of  sand.  Thus  the  dynamic  interactions  of  the  lower  water  column  and 
the  sand  sheet  are  of  prime  importance.  Through  study  of  these  inter- 
actions, one  should  be  able  to  predict  the  fate  of  contaminants  that  be- 
come part  of  the  bottom  sediments.  Swift  talks  of  substrate  monitoring, 
suspended  sediment  monitoring,  and  the  monitoring  of  sand  transport, 
and  we  in  NOAA  feel  that  these  all  are  aspects  that  should  be  considered. 
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BIOLOGY  A::D  FIOIIEP.irS  OCBAKOGPAPHY 

The  bioloe:ic:u  e.tpoi  ts  of  ihe  BCT  proioct  arc  of  prime  impor- 
tance because  ilie  socio-economic  concerns  about  the  possible  effects 
of  oil  and  (tas  development  usually  center  around  the  impacts  on  the 
livin:;  resources  of  tiie  area.  Of  particular  imporiance  in  the  area  of 
demersal  fish  and  shellfish  is  im  effort  to  regroup  the  available  data, 
on  abmidancos  and  distributions  lor  the  area.  The  fin  fish,  for  example, 
have  for  a pood  number  of  years  been  monitored  by  the  Middle  Atlantic 
Coastal  Fislicries  Center  of  NOAA's  National  Marine  Fisheries  Service 
at  Sandy  Hook,  New  Jersey.  These  data  together  with  those  of  the 
Woods  Hole  NMFS  Laboratoi’y  should  be  prepared  for  computer  analysis, 
retrieval,  ;md  ihe  preparation  of  summary  reports,  and  it  is  NOAA's 
fooling  tint  no  additional  sampling  for  demersal  fish  and  shellfish  in  the 
DCT  area  is  required. 

The  pJimktonic  organisms  present  a very  real  problem  that  I 
would  like  to  present  to  you  for  possible  resolution  during  the  Planlcton 
Workshop  on  Wednesday.  The  NOAA  biologists  that  have  studied  the 
available  data  on  planlAonic  distributions  and  abundances  in  the  BCT 
area  feel  that  there  is  so  little  known  at  this  point  and  the  variations 
are  so  large  that  v/ithin  the  time  and  funds  expected  to  be  available 
there  is  no  chance  that  a sufficiently  meaningful  background  or  base- 
line framework  can  be  established  against  which  changes  that  might 
be  due  to  oil  :md  gas  development  can  be  measured.  1 have  scon  the 
recent  work  of  Fl-Snypd  of  Texas  A Si  M University  from  v.’hich  he 
concludes  that  offshore  drlllmg  m the  Gulf  of  Mexico  has  had  no  de- 
leterious effects  on  the  phytoplankton  communities  in  the  Louisiana 
offshore  areas,  and  my  cohorts  at  Scripps  say  that  comparable  results 
have  been  obtained  for  the  Santa  Barbara  Channel  following  the  big 
spill  there.  Thus,  the  question  I would  pose  for  your  workshop  is  do 
you  feel  that  planktonic  sb.idies  arc  required  for  the  Bureau  of  Land 
Management  to  make  an  assessment  of  the  environmental  impact  of 
oil  and  gas  development  on  the  Outer  Continental  Shelf  in  the  BCT 
area.  As  a marine  geologist,  I do  not  know  and  must  leave  this  up 
to  you. 

Within  the  plmikton,  however,  are  fish  eggs  and  larvae,  and  these, 
we  feel,  are  important.  We  feel  that  pre-drilling  studies  should  locate 
areas  of  high  standing  stocks  of  the  eggs  and  larvae  of  the  more  im- 
portant commercial  and  sport  species  arid  that  their  areal  and  temporal 
distributions  should  be  related  to  water  circulation  patterns  and  proper- 
ties, Benthic  organisms  are  probably  the  best  to  use  as  pollution  indica- 
tors because  they  are  generally  sessile  and  therefore  subject  to  long- 
term pollution  effects.  These  organisms  in  the  BCT  area  should  be 
sampled  within  the  baseline  framework  to  (1)  assess  those  areas  con- 
taining benthic  assemblages  most  likely  to  be  damaged  by  OCS  develop- 
ment, (2)  identify  key  indicator  organisms  likely  to  reflect  environ- 
mental change,  (3)  establish  quarterly  (seasonal)  baselines  against  which 
future  changes  can  be  compared,  and  (4)  provide  information  useful  in 
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modelin;^^  the  potcntir.I  impact  of  oil  related  activities  on  the  marine 
beiuiuc  conuv.uaiLies  and  related  living  resources. 

Sea  birds  and  mammals  within  the  BCT  area  have  been  described 
in  detail,  and  v;e  feel  that  little  if  any  additional  work  on  this  aspect 
of  the  biology  can  be  justified.  Although  the  NOAA  people  considering 
the  PCT  area  did  not  include  a microbiologist,  we  did  feel  that  a base- 
line study  of  the  occurrence  and  distribution  of  petroleum  degrading 
microorganisms  should  lx?  made  in  tiie  BCT  area  and  at  control  sta- 
tioms,  and  we  further  felt  tJiat  changes  in  species  coinposiiion  ar.d  abimd- 
ance  siiould  be  monitored  d\iring  both  the  e.xploration  and  drilling 
phases. 

As  with  the  other  portions  of  the  NOAA  thoughts  on  this,  I have 
made  a copy  of  our  ideas  to  date  on  tlie  biological  and  fish.erics  aspects 
of  OCS  development  available  in  written  form  to  the  Chairnuin  of  the 
Biology  Workshop.  Knowing  Jack  Pearce  will  be  in  attendance.  I’ll 
not  worry  further  about  this  one. 

In  planning  for  this  talk,  I felt  that  a rather  dull  recital  of  NOAA's 
statutory  rosponsiblities  in  the  BCT  area  or  a lengthy  discussion  of 
what  various  arms  of  the  NOAA  octopus  have  been  doing  in  tlie  area  in 
the  past  would  bo  something  less  than  stimulating.  Since  we  have  put  in 
considerable  Lhoughi  fn  what  BLM  will  need  to  know,  I felt  it  would  be 
much  more  useful  to  pass  some  of  these  ideas  aion.g  to  you  to  mull  over, 
accept,  or  reject  in  your  worksiiops.  The  whole  project  has  very'  real 
relevance  to  ihe  critical  energy  crisis.  But  at  the  same  time  it  provides 
some  fine  opportunities  to  push  back  the  barriers  of  ignorance  on  our 
Continental  Shelf.  If  we  can  learn  something  new  while  at  tlie  same  time 
providing  the  Bureau  of  Land  Management  with  the  information  it  needs 
we  have  served  both  BLM  and  maruie  science--an  end  greatly  to  be 
desired. 
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ABSTRACT 

Pressure  tluclualions  on  the  deep  scadoor  at  frequencies  bcltJw  inertial  an<l  tidal  have  been  measured. 
Between  0.1  and  1 cycle  per  day  the  variance  is  ab<mt  2 mb*,  s[)cctra  diminish  with  increasing  frecjuency  as 
u>  «=1.5  to  2,  and  a signal-to-instrument  ntuse  ratio  of  10  dB  is  achiev'*d.  I'luctuations  are  in  phase  and 
highly  coherent  within  the  MODE  area  (>0.95  at  200  km)  and  even  with  inferred  'atmos|)here  plus  sea 
level)  Bermuda  subsurface  pressures  (0.8  at  7(K)  km).  Station  dijferencci  (to  which  MODIvsiml  eddies 
would  make  the  principal  contribution) are  relatively  small. The  large  horizontal  scale  of  the  recorded  lu»tlom 
pressure  fluctuations  resembles  that  of  atmospheric  pressure,  yet  the  coherence  locally  between  atmosj)heric 
and  bottom  pressure  is  slight;  the  recorded  fluctuations  may  l>e  related  to  a barolrofiic  ocean  respons<‘  to  a 
variable  wind  stress  on  the  subtropical  gyre.  Bottom  temperature  records  show  “sudden”  (1  day)  changes 
of  order  30  millidegrees  Cclcius  separated  by  lung  intervals  (20  days)  of  uniform  temperatures.  The  changes 
are  much  larger  than  have  been  observed  in  the  Pacific.  They  are  correlated  at  lu)ri7.ontal  sej>arations  of 
2 km,  but  uncorrelated  to  l>oUom  pressure  and  to  temperatures  1 km  above  the  sealhior. 


1.  Introduction 

Measureiuenls  of  atmosj)heric  surface  pressure  go 
back  to  the  very  beginnings  of  meteorology.  When  these 
measurements  are  referred  to  some  standard  level  (sea 
level),  it  is  found  that  surface  winds  are  directed 
appro.ximately  along  isobars  with  a speed  proportional 
to  the  horizontal  pressure  gradient,  “Oeostrophy”  is 
the  term  applied  to  this  idealization  in  the  relation  (sea 
level  or  aloft)  between  wind  and  pressure  fields. 

The  corresponding  practice  (or  malpractice)  of 
inferring  currents  from  the  pressure  field  is  equally 
embedded  in  oceanography,  yet  an  e.vperiment  to  test 
the  gcostrophic  “law”  using  direct  pressure  measure- 
ments has  not  been  previously  attempted.  .Accordingly, 
the  Hottom  Experiment  Subeommittee  (J.  baker. 
Chairman)  of  the  Mid-Ocean  Dynamics  Experiment 
(MODE)  planned  for  an  array  of  bottom  pressure 
recorders,  to  be  closely  coordinated  with  measurements 
of  currents  and  the  density  field.  There  was  never  any 
question  of  referring  pressures  to  some  common  level 
(following  meteorological  practice) ; dilTerences  in  the 
elevation  of  the  various  instruments  are  not  known  to 
anywhere  near  the  required  precision.  The  goal  was  to 
measure  variations  in  the  pressure  dilTerences  between 

' MODE  Contribution  No.  15. 
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stations,  for  comparison  with  corresjionding  variations 
in  currents.* 

The  experinuni  was  con.sidered  marginal  from  the 
outset.  Surface  atmospheric  pressure  can  vary  by  a few 
[lercenl;  gcostrophic  hottom  iluctuations^  by  some 
millibars  reiireseiit  a fractional  'Tiange  of  only  a few 
parts  in  U)'.  TTie  gcostrophic  liuctuations  are  small 
comjtared  to  the  tidal  variations  at  higher  frequency 
(the  reverse  liolds  for  surface  atmos[)heric  pressure). 
The  chief  ditlicult\-,  however,  is  not  a lack  of  instrument 
sensitivity,  nor  the  removal  of  high-freciueney  tidal 
components  (nor  even  the  relative  remoteness  of  the 
sealioor',  l)ut  rather  the  instrumental  noise  at  low 
freciuencies,  i.e.,  drift,  in  this  connection  the  longer 
oceanic  time  scales  (months  compared  to  days)  adds 
to  the  diliiculties. 

With  the  very  reality  of  signals  in  doul)t,  emphasis 
was  placed  on  redundancy  rather  than  si)atial  coverage. 
And  this  was  indeed  a wise  choice.  It  demonstrated  that 
we  did,  in  fact,  succeed  in  measuring  gcostrophic  (stil) 
inertial)  bottom  pressure  liuctuations,  hut  that  the 
relatively  small  station  differences  were  only  marginally 
above  instrument  noise  level  and  not  adequate  to  test 
“geostrophy.”  The  results  arc  not  those  we  anticipated 

‘.As  stated  succinctly  by  a reviewer,  if  we  write  dx 

~ft  = 0,  classical  nceamigraphy  considers  d.l  di.  while  the  present 
experiment  is  rnneemed  with  d.l  flt. 

• rhroUKhout  this  paper.  “Keostrophi.  tlu.tuation"  refers  to 
any  llu.  tualion  at  frequencie.s  small  compared  to  the  inertial 
frc<iuency. 
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Fig.  1.  MODE  liottom  pressure  stations:  ,\OML  (I,  2,  .1)  and 
IGPP  (EDIE,  MERT,  KEIKO).  REIKO  and  .MERT  were  2 km 
from  the  central  moorins  (28'(X)'  N,  69°40'  W). 


3.  Bottom  temperatures 

The  principal  results  are  summarized  in  Kins.  2 and  .L 
Records  are  characterized  by  “sudden”  (1-day)  chan}>es 
of  the  order  of  30  millidegrees  felcius  (m'’Cl  separated 
by  long  intervals  (20  days)  of  uniform  temperatures 
(within  5 m°C).  The  corresponding  instrumental  noise 
is  of  order  1 m°C  (Snodgrass  cl  al.,  1075). 

Month-to-nionth  changes  cannot  be  detected,  as 
they  are  less  than  instrumental  drift  (0.5  m°C'  in  two 
months).  .Measurements  at  KKlKOand  .MKK’I'  (I'ig.  1) 
(separated  by  2 km  at  the  central  mooring)  exhibit 
re|>roducible  features,  with  lags  of  the  order  of  1 day. 
There  is  no  correlation  with  KllIK  ISO  km  to  the  south. 
The  tUictuations  are  larger  by  a factor  of  10  than  those 
we  measured  in  the  Pacific,  and  almost  certainly  related 
to  the  presence  of  .Antarctic  Bottom  Water. 

There  is  no  resemblance  to  bottom  jiressure,  nor  to 
temperatures  measured  1 km  above  the  sea  bottom. 
The  latter  are  the  result  of  vertical  displacement  (b\ 
several  hundred  melersli  from  internal  waves  and 
geostrophic  lluctuations  (Brown,  1975). 


(as  is  so  often  the  case  in  an  oceanographic  experiment ), 
but  that  docs  not  make  theni  any  less  interesting. 

2.  Measurements 

The  AO.ML'  deployment  consisted  of  three  stations 
(Fig.  F)  of  which  .\O.Ml,  1 and  .\()ML  3 produced  use- 
ful time  series  of  bottom  iiressure,  F.ach  station  involved 
the  deployment  and  recoverx  of  a Gulf/G.\  jircssure 
gauge  bv  the  N().\.\  ship  Keseorchcr.  The  l illoux 
Bourdon  tube  transducer  in  each  gauge  ex])erienced 
creep,  resulting  in  an  aiiparenl  instrumental  drift  in 
pressure  of  about  130  mb.  This  drift,  rapid  at  first  and 
then  slowing  with  time,  follows  a logarithmic  law  and 
has  been  removed  from  the  .AO.ML  pressure  records. 

The  IGPP  deployment  consisted  of  three  cruises-, 
installation,  monitoring  and  repair,  and  recall.  Prior  to 
the  .MOnK  deployment,  there  had  been  extensive 
laboratory  tests  and  a series  of  Pacific  drops.  All  this  is 
discussed  in  gruesome  detail  by  Snodgrass  cl  al.  (1975). 
I'or  the  present  puqiose  we  note  that  there  is  no  attempt 
to  remove  drift ; after  the  initial  day  or  two  this  is  small 
(of  the  order  1 mb  per  month),  but  still  the  limiting 
factor  for  measuring  pressure  dilTerences  between  sta- 
tions. Pressures  and  temperatures  were  both  measured 
by  crxstal  gauges,  and  pressure  records  were  corrected 
for  temperature  (corrections  are  only  of  the  order 
0.1  mb).  But  the  temperature  series  are  of  some 
independent  interest,  and  we  shall  describe  them 
brietly. 

‘The  follmvinn  alihreviatinns  are  usi'il  ihreiighnut  ■ .\OMl., 
.■tllantic  thcatiiiKraphie  an<l  MetconilnKiial  LalyiraUiries;  IGIT, 
Institute  of  Geophysics  and  Planetary  I’hy-ics;  N’t'.t.t,  National 
Oceanographic  and  Atmospheric  Administration. 


REIKO 


Fio.  2.  Summary  of  low-pas-a-d  tU7.t  IGI’P  MOllE  pressure 
and  tenga-rature  rc-cords  plotted  at  2tl  h intervals  [see  Snodgrass 
et  al.  (IQ7.S)  for  the  "raw"  records  . /’«  and  7'«  refer  to  Imttom 
pressures  and  tenUH-ratures.  /'r  to  |iressure  at  the  toti  of  a t km 
eahie  fan  indiiation  of  tahle  tilti.  and  / ,.  refer  to  tem- 

peratures at  the  upper  end  of  the  laiile.  EI>IK  has  duplitate 
pressure  anri  teini»erature  instrumentation  on  the  sea  liottom, 
none  aloft ; 7’r  is  a eomiMtsite  of  7’m  ami  /*«;  ' Uuh  of  whii  h were 
n<Msyc  KI-.IKO  and  l-.ltlK  were  reiovered,  re]iaired  and  re- 
launihetl  in  mid  .May.  .Ml  lem|H  ratures  are  plotted  to  the  same 
scale. 
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MODE 


to  -w  '.0  to  so  *0  to  >0  so  to  so  so 

Morels  April  Moy  Jsino  *l«'r 


I'lG.  .1.  Bcitliim  tcmin-niUiros  ;il  kl'.IKO  am!  Ml'.k  T (separatinn  2 km)  anil  KDIK  (si'paratkm  170  km).  Fur 
Uimparisiin,  a typiial  I’aiilic  riaoni  (kl'.IKO  250  SW ; Snodgrass  rl  ill  . 10751  is  shown  on  the  same  scale  In 
contrast  to  Fi);.  2.  the  reconis  have  not  Iseen  low  passed,  and  are  islotted  at  24-niin  intervals. 


4.  Bottom  pressures 

Tides  Were  rviiioveil  li\  suhtnutinu  the  "resiionse 
predicted"  deep-sea  tides,  with  liernitida-predicted 
tides  taken  as  reference  (/.etler  el  al.,  1075h  There  is  no 
siitniticant  tidal  residual  in  the  ’'detiiiled"  records.  I'or 
oood  measure,  the  detided  time  series  of  t.5  s aveMKcs 
Were  low-passed  with  a Ut  dU  reiitu  tlovi  at  \ c>ck'  )'ieT 
(lav  (ci>d)  (I'i);.  t',  ;ind  plotted  at  24  h intert.ils 
(Tin.  sSi. 

Three  instruments  within  1.5  km  of  the  central 
moorint;,  .\(>M1.  1 (a  l illotix  liourdon  ttihel,  MKK'T 
and  Kl'TKt)  (quartz  crtstals),  show  a stront;  reSem- 
hlance  dtirino  times  of  overlappini;  records.  Pressure 
changes  are  larj;er  and  more  sudden  than  we  had 
suspected;  they  can  amount  to  5 mb  in  a few  days.  .\n 
unexpected  result  is  the  re.semblance  with  the  distant 
MODE  stations  I'.DIK  and  .ADML  i.  Evidently  the 
bottom  |iressure  tluctuations  have  lar;;er  horizontal 
scales  than  typical  .MODE  eddies. 

V e have  al.so  jilotled  atmos[)heric  pressures  in  the 
MODE  and  liermuda  areas, ^ and  these  are  clearly 
coherent.  In  order  to  learn  whether  bottom  jiresstires 
in  the  two  areas  are  similarly  related,  we  define  the 
"subsurface  pressure”  (at  a fixed  ])oinl) 

SSP  = /i,„,„+p,i;ij. 

where  ij  is  the  recorded  sea  level  (detided).  Tor  a 
homojieneous  ocean  the  subsurface  and  bottom  jiressure 

^ Mr.  F'rank  Marks,  llept.  of  Mrtcoroio}i\',  MFT,  lompilcil  the 
series  of  ilails"  alniosftheric  pressures  in  the  MOIIF  area  from 
weather  nuips  and  MOIlF  ships'  mil  rol»arni;raph  ikita.  Hourly 
values  of  atmospheric  pressure  were  provided  liy  the  I'.nviron- 
mental  Data  Service,  NO.\,\,  .\sluille,  \.  C.;  values  of  Hernuida 
sea  level  were  provided  hv  the  National  Ocean  Survey,  \0\.\, 
Rockville,  Md. 
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should  be  the  same,  and  this  is  nearly  the  ca.se  for  the 
harctropir  response  of  a stratified  ocean  (see  .Appendix). 
Eor  harodiuic  waves  of  odd  order,  includini;  the  gravest 
mode,  subsurface  and  bottom  pressures  iaside  from 
atmospheric  effects)  are  of  equal  amplitude  but  in  aiUi- 
]ih.ise.  We  regard  the  resemblance  between  Hermuda 
stibsurface  ;ind  MODE  bottom  pressures  as  an  indica- 
tion for  a predominantly  barotropic  response.  Eurther, 
island  interference  is  evidently  not  a major  considera- 
tion. .As  we  shall  find,  the  SSP  emerges  as  a useful  index 
whose  inter])retation  is  quite  distinct  from  that  of  its 
two  comiionetUs,  atmospheric  pressure  and  sea  level. 


F (COM 

Fto,  4.  bow-pass  filter  applied  to  MODK  records. 
The  energy  rejection  at  1 cpd  is  40  dB. 
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Atmospheric  pressure 


SEA  LEVEL 


Bottom  Pressure 


V£PT 

EO'E 


BERMUDA  SSP 


aomlS 

AOMlI 

REiKO 

LOiE 


Vc  «■*  tfv  f Jv  • 

Kio.  5.  .\tm"S|ihiric  pressuri'  at  Itcrmuiia  and  in  the  MODI'-  area,  Bermuda  sea 
level  (detided,  and  in  equivalent  pressure  units),  Bermuda  subsurface  pressure 
(atmnspheric  plus  equivalent  sea  level),  and  various  MODK  recorded  bottom 
pressures.  .\11  plots  to  the  same  scale.  Dales  and  > ear  days  are  indicated.  Tick  marks 
arc  Ctreenceich  midnight. 


1 

I 


To  a ifooil  approvimtition  the  0)in|)onents  cancel  in 
accordance  with  the  ‘‘inverted  barometer”  response. 

.\  supcrimitoseil  tijtw.ird  drift  in  pijt;  and  hence  SSI’, 
which  is  not  found  in  the  M()1>K  bottom  pressures,  can 
reasonably  be  ascribetl  to  thermal  expansion  from 
seasonal  warmini;  of  Itermuda  surface  waters  , if  so,  this 
would  not  be  associated  with  any  change  in  the  mass 
jicr  unit  area,  or  resulting  bottom  pressure. 

5.  Spectral  estimates 

We  now-  attempt  to  lend  these  ipialitative  remarks 
some  semblance  of  the  ma.itnitudcs  involveil.  S|)ectra  of 
llermuda  subsurface  and  observed  MODK  bottom 
presstires  are  in  accord  (Kit;.  (>1.  I'he  rise  centered  ;it 
D.,15  cpd  is  consistent  with  the  behavior  of  atmospheric 
pressure  spectra  (Kit;.  7).  .\tmospheric  ])ressure  .sitectra 
are  higher  by  a factor  of  5 than  those  on  the  sealloor. 

MODK  bottom  sjieitra  are  significantly  coherent 
(excei)t  at  the  lowest  frequency')  among  one  another 
O-'ig.  8 1,  and  with  resjx'ct  to  llermuda  subsurface 
(tressure.  MODK  and  llermuda  atmospherii  pressures 


are  highly  coherent,  as  expected  (Kig.  9).  MODE 
bottom  pressures  somewhat  lag  llermuda  subsurface 
pressures,  whereas  the  opposite  holds  for  atmospheric 
pressure.  llermuda  sea  level  and  atmospheric  pressure 
arc  hi.ghly  coherent  and  out  of  phase  (Kig.  10).  On  the 
other  hand,  bottom  and  local  atmospheric  pressures  .are 
barely  coherent,  and  show  no  fixed  phase  relation.  A 
summary  of  the  statistical  analyses  is  presented 
schematically  in  Kig.  11.  .-Ml  of  the  evidence  points 
toward  something  other  than  local  atmospheric  pressure 
for  the  source  of  the  bottom  pressure  fluctuations.  This 
inference  will  be  examined  in  the  light  of  a simple  model. 

6.  Model 

We  follow  the  analysis  bv  Munk  and  Bullard  (196,1). 
Let 

/>i  = o cos(«/+a) 

pi  = ra  cos(u)f+a)+ra  sin(aiM-a)H-Jc(l) 

pi  = p\+pi=  (H-r)a  cos(wf+a)+w  sin(aiH-o)+i(<) 

24 


I 


L 


d 


January  1975  BROWN,  MUNK,  SNODGRASS,  M O I- J K I.  D AND  Z K T 1,  K R 


79 


Fig.  6.  Spectra  of  bottom  pressure  lluctuations  for  MODI', 
(solid)  and  Bermuda  fda.shed)  (16  ileRrees  of  freedom!.  I're<|Uen- 
des  above  those  plotted  are  sicnifKantlj-  reduced  by  numeriial 
filtering  (—6  dB  at  0.5  cjni). 


(lusionate  atmospheric,  sea-level  anti  bottom  pressures 
within  a narrow  fre<iiiency  bund  centered  on  ail)  and 
a(l)  are  slowly  varying  (compared  to  w)  amplitude  and 
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FiO.  7.  Comparative  spectra  of  atmospheric  and  bottom 
pressures  (.H  degrees  of  freedom)  for  MODK  (solid)  and  Bermuda 
(dashed). 


Fio.  H.  Cross  s|>ectra  for  NtODK  pressures  and  Bermuda  sul)- 
surface  pressures  'all  s[>eclra  and  cros.«  sjK’Llra  involving  Bermmia 
are  dashed).  Degrees  of  freedom  are  10;  the  95' i significiincc 
level  for  coherence  (not  s<]Uared),  and  the  95'  c ['hast'  uncertain- 
ties fi*r  O.S  and  0.9  coherences  are  indicated. 


phase.  W'c  iiUeq)rel  (Ja-)  as  the  spectral  energy  in  the 
band  tezhi^aj.  .v(/)  is  that  portion  of  />j  which  is 

uncorrelaled  to  pi^  i.e., 

(/>l(f).v(f-T))=0. 

Then  by  performing  the  a|>propriatc  lagged  covariances 
and  Fourier  tr.ansforms,  it  follows  that 

Sn  = (W) 

Sn  = Lr^+s^:\Sn+S 
5,3  = C(H-r)=-fr=]5,.+5 
Ci2=r5ii,  Qu~sSi\ 

Cu=  (l-l-r)5ii, 

arc  the  s]x’Ctra,  co-  .and  quadrature  spectra,  resiiec- 
tivelv,  with  .S'(uj)  the  spectrum  of  x(f).  .S'j.  and  53j  are 
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Fiu.  9.  Cross  spoctra  of  MODE  vs  Bormuda  atmospluTic 
pressure  (dashed)  and  MODE  vs  Bermuda  subsurface  pressures 
(34  degrees  of  freedom).  The  phase  uncertainties  arc  drawn 
for  0.8  and  0.9  coherences. 

written  as  the  sum  of  two  terms:  the  first  is  coherent 
with  atmospheric  pressure,  the  second  (5)  is  incoherent. 
For  an  inverted  barometer’s  response* 

T—  — 1,  5 = 0:  Sz2  — S\\~\~S,  5.13  = 5. 

In  terms  of  coherence  and  phase 

r=  ros^i2(5'j2,'5ii  )*,  s=  Kn  sin^i2(5'22/  5’d)*, 

5=  (1  — /fii*)5'22,  5sj=522+(2r+l)5ii. 

These  formulas  permit  the  calculation  of  r,  s,  5,  5i3 
from  the  mea.sured  5u,  522,  f(\2,  4>n  (the  cross  spectrum 
of  atmospheric  pressure  and  sea  level).  h'iR.  12  has  been 

• This  interjjretation  has  to  be  qualified  if  winds  make  a sig- 
nificant contribution  that  is  coherent  with  atmospheric  pressure. 


so  constructed,  leaning  on  Wunsch’s  (1972)  Bermuda 
analysis  for  the  low  frequencies,  and  the  .MODF. 
observations  at  the  central  and  high  frequencies. 

With  regard  to  522  at  the  central  frequencies,  this 
nearly  etjuals  (r-+5-)5u,  the  contribution  coherent 
with  atmospheric  pressure.  Since  the  inverted  barometer 
(IB)  condition  nearly  holds,  5>2=“5u.  (See  .\p|Hndi\ 
for  a discussion  of  the  IB  condition.)  The  incoherent 
contribution  5 is  smaller  by  an  order  of  magnitude.  This 
is  not  the  case  at  very  high  and  low  frequencies,  where 
5)^>5ii  and  522— »5i3.  Kvidently  the  predominance 
of  522  over  5i3  at  central  freijuencies  is  related  to  a 
change  in  slope  of  the  5u  si>ectrum. 

With  regard  to  5i3  the  situation  is  dillerent,  and  the 
principal  contribution  comes  from  .S'  at  all  frequencies 
We  will  not  altemiA  here  to  identify  the  incoherent 
spectrum  5 with  any  s])ecific  geojihysical  jirocess ; the 
large  horizontal  scale  suggests  an  atmospheric  jirocess. 
and  the  coherence  found  bv  W unsch  between  Bermuda 


Fig.  10.  Cross  spectra  of  Isittom  pressures  and  Bermuda  sea 
icvcl  vs  local  almos]>beric  pressures  (34  degrees  of  freedom). 
Bermuda  spectra  are  dashed.  Phase  uncertainties  are  shown  for 
0.95  and  0.5  coherences. 
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sw  NE 

Fic.  1 1.  Sihfmalic  prost-ntalion  of  coherencfs  R and  phases <>  {in  direction  <*f  arrows) 
in  the  0.1-0. 5 cpd  frequency  l>antl.  Almos[>heric  |>ressures  (or  SSPj  are  highly  coherent 
over  the  MODK  area  and  between  M()D1{  and  Bermuda,  as  are  MODE  hoiiom 
j>ressures  and  MODE  bottom  pressure  with  Bermuda  SSP;  l)ut  the  local  coherences 
bt'lween  atmospheric  and  bottom  pressure  (or  SSIM  are  very  low.  Some  common  and 
unknown  source  of  the  MODK  and  Bermuda  bottom  pressures  is  indicated. 


Kig.  12.  fdeali/.cd  spectra  of  atmospheric  pressure  (.Vn),  sea  level  (5«.  in  equiva- 
lent pressure  units)  an<l  b<»ttom  pressure  (.Vjib  and  I -f  are 

the  contril)Utions  to  5:i  and  .Vja,  respet  tively,  that  are  coherent  with  atmospheric 
pressure;  S is  the  noncoherent  c»»ntribulion  to  |>«)th  and  Aji.  Bottom  pressures 
inferred  from  MODK  Ix'tloni  velocity  measurements  are  desisnated  “geostro]duc 
‘Vjt,”  and  lie  Ik-Iow  the  nf»ise  sp<*<trum  of  Imttom  ()ressure  transtlucers  (inferred 
from  duplicate  instrumentation);  extrapolation  from  0.1  to  O.OI  cpd  is  uncertain. 
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I 1C.  IV  CumiM’nrnts  of  measured  bottom  currents  Mepth  5.VS6  m,  dashed;  and  dcc[)  currents  fd96d  ni.  solid)  at  central  mooring, 
l or  lompaiison,  lluctuations  in  currents  inferred  geostrophically  from  pressure  differences  between  stations  are  plotted  to  the  same 
s<  .lie,  Itut  with  arbitrary  zero  offset. 


sea  level  ami  local  winds  (I'igs.  8 and  \0  ol  Wunsch, 
1972 1 is  certainly  suifgcslive.  The  analysis  l)v  I’hillips 
leads  to  a reasonable  nia.ifnitude:  rms(/)j) 
= (/-//;''  rnis(ri,  where  p3  and  t are  bottom  pressure 
and  surface  stress,  and  /,//;  — 5(KHI  ktn/'5  km  is  the  ratio 
of  the  horizontal  stress  scale  tti  ocean  depth  (.Appendix  i. 
For  T = 1 tl\  n cm  />j=  Iff  d\  n cm~-  = 1 mb. 

.At  0.1  cpd  the  111  condition  is  taken  to  be  exactly 
fultilled,  and  .S'  is  the  sole  contribution  to  .S',13;  at  other 
frequencies  there  is  an  additional  slittht  [(H-r)-+s-].Sn 
contribution  to  S-a  because  of  the  departure  from  the 
IH  condition:  an  Hi  umlershoot  below  0.1  cpd,  an  IH 
overshoot  above  0.1  c|id.  If  we  take  1 I r,  r and  1— A’12 
as  small  and  all  of  order  c,  then  the  relative  magnitude 
in  the  coherent  and  incoherent  (with  atmos])heric 
pressure!  contributions  to  sea  level  and  sea  bottom 
spectra  is  as  follows: 

Coherent  Incoherent 

Sea  level  1 « 

Sea  bottom  t 

7.  Discussion 

Holtom  and  deep  currents  at  the  MODE  central 
mooring’  are  ]>lotted  in  Fig.  l.i,  together  with  the 

’ We  are  grateful  to  the  Woods  Mole  Oceanographic  Ir.stilulinn 
for  having  made  the  records  available. 


geostrophic  currents  com]mted  from  station  ditlerences. 
There  is  a resemblance  in  the  northward  components  at 
low  frequencies  (currents  1400  m above  the  sealloor  are 
better  correlated  than  bottom  currents'.  Fhe  "geo- 
stro])hic”  spectrum  in  bottom  pressure  has  been  esti- 
mated from  the  bottom  velocity  sjtectrum,  using  a 
factor 

(/>,i’)/(i'’)  = (10  V.'/^)‘=(d-4  mb  cm~'  s“')’ 

for  typical  MODE  eddies  (F  = 27r/\  = 27r/d50  km, 
/ = 6,8X10~’  s'O.  This  lies  far  beneath  the  observed 
and  also  below  the  instrumental  noise  figure  by 
■Snodgrass  ct  nl.  (197.V),  except  perhaps  at  very  low 
freipiencies  (Fig,  12y  This  is  related  to  the  fact  that 
the  ditTerence  between  two  instruments  placed  side  by 
side  is  of  the  same  order  as  the  station  difference 
(Fig.  14). 

Bottom  pressure  and  velocity  lluctuations  (rms)  can 
now  be  estimated  .as  follows: 
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Fig.  14.  Some  l)Ottom  pressures  und  pressure  ditTerenies  durinw  tlie  latter  half 
of  the  MODE  experiment.  'I'he  dilTerenrc  I’m  — I’m  hetween  two  pressure  sensors 
on  EDIE  capsule  is  of  the  same  order  as  the  dilTerence  between  capsules  EDI  E and 
REIKO  separated  by  170  km  [the  negative  spike  in  ' D1 E)  — I’m  REIKO)  on 
13  June  occurs  during  a period  of  e.vressive  instrument  noi.se  fSnodgra.ss  ct  al., 
1975)J.  For  comparison,  a Pacific  record  taken  in  1972  is  plotted  to  the  stime  scale. 


The  large-scale  fluctuations  have  larger  ))ressure  varia- 
tions than  the  MODE  eddies,  hut  hecause  of  their  much 
larger  horizontal  scale,  the  associatetl  current  velocilies 
are  relatively  small.  (On  hindsight,  this  situation  might 


Fig.  15.  Response  of  sea  level  to  atmospheric  pres.sure 
pf  — \ for  inverted  barometer  response. 


have  been  anticipated  from  an  e.vtrapolation  of 
Wtinsch’s  results.)  fonsetiuentlx',  the  observed  bottom 
pressures  tire  related  primarily  to  the  large-scale 
lluctutUions,  whereas  the  observed  bottom  currents  are 
related  mostly  to  MODE  eddies.  (Pressure  dijcrcnces 
between  stations  would  be  dominaled  by  MODE  eddies, 
but  are  onK'  marginally  above  noise  level.)  We  have 
succeeded  in  measuring  geostrophic  bottom  pressures, 
but  failed  in  testing  geostrophv. 
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APPENDIX 

Subsurface  Pressure 

Eor  a free  progrc.ssive  wave  in  a rotating  ocean  of 
constant  N’aisalii  frequency  .V  and  de])th  /;,  the  ratio  of 


I 


i 
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subsurface  pressure  pogti  to  bottom  pressure  is  given 
by  (Munk  and  Phillips,  1968,  p.  450) 


with 


SSP//>6  = cos(.V/:/C), 


tan(.Y/;/6')  =C.\/g 


serving  as  a definition  for  C (the  phase  speed  in  a non- 
rotating system).  I'or  barotropic  waves,  A'/;/('«l; 
hence 


where 


C = > k/;  ( 1 -P  e=/6) , SS  P//)6  = 1 - 


<:^  = y-h/g  = i){Sp/p) 


is  a small  number.  Subsurface  and  bottom  pressures  are 
nearly  the  same.  Kor  barodinic  waves,  {Xli/C  — rr)«\, 
r=l,2, 

C=— Yl— SSP, /-.=  (- nYi-  - ). 

rV/  \ 2rV/ 

Thus,  subsurface  and  bottom  pressures  are  of  vcr\- 
nearly  the  same  amplitude,  but  out  of  phase  for  odd 
modes. 


Inverted  Barometer  Problem 

Let  M,ti  designate  eastward  and  northward  velocity 
components,  t)  the  surface  elevation,  and  l>i=pgi  surface 
atmospheric  j)ressure.  W'e  then  have  for  an  ocean  of 
constant  depth  li  and  density  p 


<)u  <t 

fr=  -R-  ii+’i'i 

<11  (lx 

dv  <1 

— P/;<=  -g-(H’i) 

<11  <ly 

Orj  /<lu  <li'\ 

f— ) 

dl  \clx  ay/ 

which  can  be  combined  into 


d-u  <lh'  <lri 

dt+//r'— =0, 

dydl  <lx<ll  at 

where  0 = <if/<iy,  and  / the  Coriolis  freciuency,  I'or 
frequencies  <0  small  com))ared  to  /,  we  neglect  <l(u,v)/dl, 
and 

a a Sri 

<11  <ix  at 


where 


= (gWj 


is  the  Rossby  radius  of  deformation.  .Assuming  cellular 
oscillations  of  the  t\j5e 


we  obtain 


cos  ly  cos(kx—<<il), 


D 

\+l)’ 


In  the  limit  of  large-scale  disturbances,  k,I  and 
/)—»(),  »)— >tl  (frozen  surface  I,  and  the  atmospheric 
])ressure  is  geostrojjhicallc-  balanced.  In  the  low- 
fre(iuency  limit  of  eastward/westward  waves,  w— » ±0 
and  //— >±oc,  p://)]— >— 1 (inverted  barometer), 
and  u,  t'  = 0.  For  D = 

a.'_  /3  

k \ ^-+k"-+r-' 

which  is  the  (westward)  phase  velocity  of  free  Rossby 
waves,  and  so  i;  — ♦ ± x because  of  resonance. 

The  scaling 

k,'l  = \{k,l),  (i  = u)/j, 
is  convenient,  leading  to 

D=k'+l-+(k/<:,)«-\ 


with 


i4  = 2S1(I/  (,!;//')* 


a jiarameter  [0)1)]  familiar  from  tidal  theory.  Setting 
,\  = .t(M)t)  km,  F, / = ?,  ii  = ±0.1,  »'*  = 2.1.s  gives  /)  = .s0 
±2.1,  and  we  exj)ect  pj/pi  to  be  within  a few  percent 
of  unity. 

The  foregoing  anal\  sis  applies  to  an  intinite  ocean  of 
constant  depth.  I'or  the  "real”  ocean  one  may  have  to 
rejilacc  0 — df/<!y  by  a "topogra])hic”  d arising  from 
the  gross  slope  and  small-scale  topography. 

Wind  Stress 

.According  to  Phillips  (1966),  a variable  eastward 
wind  stress 

T,  = TO  sin  (iry/ - J L ^ v ^\L, 
generates  a meridional  component  of  barotroinc  Ilow 


2ro  /’’■yA 

cos  — )c'“'l’(t,M', 

phdl.  \ / 


phjl. 

where  /.  = 5tH)()  km  is  the  distance  between  the  trade 
winds  and  westerlies.  I'  is  a complicated  function  of  the 
distance  i — x/L  from  the  coast,  and  of  fretiviency 
^=ce/a>„„„  with  =d/-/27r  = 2jr/(5. 71  da_\s).  F ex- 
hibits a series  of  resonant  peaks,  but  their  contributions 
to  (t^)  are  secondarv  in  the  interval  m = 0.2  to  *j=1 
(0.02  to  0.2  cpd),  and  r«r„M  Fo«[THH-2i)=-f  4]t 
for  i = 0.2.  The  wavelength  /uA  = ji-5(XK)  km  is 
consistent  with  the  observed  scale  of  pressure  coherence. 
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To  obtain  rms  pressures,  multiply  by  pf/k  with 
k = 2ir/pL,  and  replace  cos(ir/a//,)c’“'  by  its  rms  value  J ; 

To  / /. 

rms(/>3)  = rms(Tol. 

2jr  0L  h 

Accordingly,  the  seafloor  pressure  spectrum  is  propor- 
tional to  the  To  spectrum.  NTimerically,  Fo/2)r»l, 
and  /,//)=  KV,  Thus  rms  pressures  (mbl  are 
roughly  equal  to  rms  stresses  (dyn  cm-“). 
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PREFACE 


In  late  1973  and  early  1974,  attention  in  the  scientific  community 
was  focused  on  consequences  of  sewage  sludge  dumping  in  the  apex  of  the 
New  York  Bight.  Newly  acquired  data  seemed  to  indicate  a change  was 
occurring  in  the  movement  and  distribution  of  sludge  material  in  bottom 
sediments.  To  some  university  scientists,  it  appeared  that  increases  in 
the  rate  of  disposal  had  produced  a quantity  of  sludge  that  could  no 
longer  be  assimilated  by  the  environment;  the  alarm  was  sounded  that  if 
the  dumping  continued  at  the  same  rate,  irreversible  contamination  would 
occur  to  the  beaches  of  Long  Island  within  a few  years.  A call  for 
immediate  relocation  of  the  present  dumpsites  was  made. 

Early  in  August  1974,  United  States  Senator  James  L.  Buckley  con- 
vened tlie  Subcommittee  on  Environmental  Pollution  of  the  Senate  Public 
Works  Committee  for  a public  hearing  on  the  sewage  sludge  dumping  issue. 
The  subcommittee  was  eliciting  facts  in  the  matter,  in  order  to  make  an 
informed  recommendat ion  regarding  dumpsite  relocation. 

The  National  Oceanic  and  Atmospheric  Administration  (NOAi\)  was 
asked  to  provide  testimony  at  this  hearing.  Since  1973,  NOAA  had  been 
conducting  a large  scale  examination  of  the  New  York  Bight  marine  eco- 
system and  iiad  been  collecting  relevant  data  in  the  apex  that  could  shed 
light  on  the  suggested  irreversible  degradation  of  the  environment. 
NO/Vi\'s  Atlantic  Oceanographic  and  Meteorological  Laboratories  (AOML)  had 
been  collecting  data  for  the  Marine  Ecovstems  Analysis  (MESA)  Program  in 
tlie  apex  since  July  1973;  with  these  and  iiistoric  data,  a picture  of  the 
present  conditions  and  reasons  for  and  rates  of  change  were  beginning  to 
emerge. 

Tliis  report  is  a summary  of  AOML  analyses  of  the  apex  ecosystem  as 
we  understood  it  at  the  end  of  July  197A.  The  tiiree  parts  represent 
three  different  single-discipline  views  of  a complex  ecosystem.  Because 
our  research  has  not  been  completed,  conclusions  of  this  report  must  be 
considered  tentative;  they  are  nevertheless  Immediately  useful  in  pre- 
liminary assessments  of  the  environmental  significance  of  sewage  sludge 
dumping  in  the  New  York  Bight  apex. 


Robert  L.  Charnel  1 
November  1974 
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ABSTRACT 


Physical  Oceanography:  Analysis  of  historic  and  MESA  data  shows  two 

distinct  circulation  regimes.  1)  Near  the  harbor  mouth  and  along  the 
New  Jersey  coast.  New  York  Harbor  discharge  flows  southward  parallel  to 
the  New  Jersey  coast;  at  depth,  there  is  a return  flow  of  external  water 
into  the  estuary.  In  spite  of  its  importance  in  the  oceanographic  and 
ecological  systems  of  the  region,  this  superposed  flow  system  is  recog- 
nized in  measurements  as  only  a slight  imbalance  of  much  stronger  ebb  and 
flood  tidai  currents.  2)  Outside  the  region  of  strongest  influence  from 
river  discharge,  a persistent  clockwise  circulation  or  eddy  appears  to 
exist.  In  the  eddy's  most  inshore  portion,  flow  is  toward  the  north  and 
east,  counter  to  the  general  flow  over  the  continental  shelf  adjacent  to 
this  part  of  the  coast.  Details  of  its  horizontal  extent,  its  vertical 
structure,  and  its  persistence  are  imperfectly  known  at  present. 

Geological  Oceanography:  Fine-grained  waste  dumped  in  New  York  Bight  is 

entrained  in  a clockwise  circulation  pattern  and  is  dispersed  to  the 
north.  A significant  portion  is  deposited  in  the  low  area  (Christiaensen 
Basin)  immediately  northwest  of  the  dumpsites.  The  fraction  of  finer 
dredge  spoil.s  and  the  bulk  of  sewage  sludge  is  widely  dispersed  through 
the  Bight  apex  in  highly  dilute  form.  There  are  no  "pure"  sludge  beds; 
there  has  been  no  detectable  aggradation  of  the  sewage  sludge  site  since 
1936.  However,  the  Christiaensen  Basin,  a natural  zone  of  mud  deposition, 
appears  to  be  significantly  contaminated  with  sewage  sludge.  Near  Long 
Island  beaches,  there  are  scattered,  thin,  small  patches  of  mud,  physi- 
cally indistinguishable  from  natural  mud  patches  on  similar, less  populous 
coasts.  Microscopic  examination  of  samples  indicates  that  less  than  3 
percent  of  the  resolvable  particles  in  these  patches  are  of  artificial 
origin,  the  lowest  contamination  level  detected  by  microscopic  technique 
in  the  Bight  apex.  No  evidence  for  a front  of  sewage  sludge  approaching 
the  Long  Island  shore  was  observed. 

Chemical  Oceanography:  Data  from  water  sampling  show  that  nutrient 

(nitrates,  nitrites,  silicates,  and  phosphates)  distributions  are  domi- 
nated by  the  lower  New  York  Bay  outflow,  with  dumped  sewage  sludge  con- 
tributing very  small  amounts.  Bottom  grab  samples  were  analyzed  for 
total  organic  carbon  and  total  carbohydrates.  The  carbohydrate/TOC  ratio 
Indicates  that  the  whole  Bight  contains  some  sewage-derived  materials 
with  the  greatest  concentration  in  the  Hudson  Shelf  Valley,  in  the 
Christiaensen  Basin,  and  north  of  tlie  geographical  sewage  sludge  dumpsite. 
This  is  consistent  with  the  distribution  expected  if  sewage  sludge  were 
disseminated  throughout  the  apex  by  the  hypothesized  current  pattern 
(gyre).  Although  carbohydrate/TOC  ratios  in  sediments  throughout  the  area 
close  to  Long  Island  suggest  the  presence  of  sewage-derived  material,  low 
TOC  values  found  in  all  but  isolated  pockets  demonstrate  that  cont.aminant 
material  comprises  only  a small  fraction  of  the  sediments. 
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1.  PHYSICAL  OCEANOGILXPHY;  WATER  MOVEMENT  WITHIN 
THE  APEX  OF  THE  NEW  YORK  BIGHT 

Robert  L.  Charnell,  Dennis  A.  Mayer,  Donald  V.  Hansen 
1 . I INTRODUCTION 

The  Marine  Ecosystems  Analysis  (MESA)  New  York  Bight  Project  is  in 
the  field  phase  of  a program  to  evaluate  changes  in  the  water  quality  of 
the  region.  The  physical  oceanographic  parr  of  the  effort  is  oriented 
to  supplying  information  that  will  lead  to  understanding  the  meclianisms 
of  water  movement  and  material  dispersion  and  eventually  result  in 
predictive  models  for  coastal  zone  planners  and  managers. 

MESA  measurements  in  the  apex  were  begun  in  raid  1973  and  at  the 
time  of  this  writing  only  preliminary  analyses  of  these  data  have  been 
completed.  Heretofore  only  scattered  direct  measurements  of  currents 
had  been  made  and  these  dominantly  were  in  the  apex.  Data  from  these 
measurements  wore  inadequate  to  describe  temporal  and  spatial  structure 
of  flow,  but  were  useful  in  designing  the  MESA  measurement  program. 

Present  interest  in  the  structure  of  water  movement  around  the  apex 
dumpsites  southeast  of  .Ambrose  Light  Station  required  an  evaluation  of 
what  is  known  about  flow  in  this  area.  At  present  the  picture  can  only 
be  general,  with  a quantitative  description  to  be  supplied  as  analysis 
of  MESA  data  progresses.  This  summary  report  is  based  on  two  data 
sources:  the  historic  dat.a  from  a seabed  and  surf.ace  drifter  program 

conducted  by  the  National  Marine  Fisheries  Service  Sandy  Hook  Laboratory 
in  1969  and  from  the  two  measurement  efforts  conducted  for  the  MESA  pro- 
gram in  the  last  half  of  1973. 

I'he  general  movement  of  water  over  the  continental  shelf  off  southern 
New  England  and  the  Middle  Atlantii'  States  is  to  the  west  and  south, 
parallel  to  the  continental  margin.  The  net  current  is.  however,  masked 
by  high  spatial  and  temporal  variability.  Structure  of  the  spatial  vari- 
ability in  currents  of  the  Bight  apex  has  been  a prime  focus  of  the  MESA 
project;  temporal  variability  is  the  principal  impediment  to  its  rapid 
elucidation.  The  major  features  of  the  spatial  structuri'  of  circulation 
that  relate  to  disposal  of  waste  materials  in  shelf  waters  of  the  New 
York  Bight  are  as  follows: 

a.  In  the  immediate  vi>  inity  of  the  entrance  to  the  Hudson  and 
Raritan  Rivers  estuary,  the  oceanographic  regime  is  dominated 
by  influence  of  discharges  from  these  rivers.  As  in  all  such 
estuaries,  there  is  a seaward  flow  of  brackish  water  in  surfi- 
cial  layers.  At  sea,  this  discharge  turns  to  flow  southward, 
paralleling  the  New  Jersey  shoreline.  Lower  in  the  water 
column,  there  is  return  flow  of  Bight  water  into  the  estuaries. 


This  two-layer  flow  appears  in  measurements  only  as  a slight 
Imbalance  of  the  much  stronger  ebb  and  flood  tidal  currents 
In  the  respective  layers. 

b.  There  Is  strong  evidence  from  recent  MESA  results  that  outside 
the  region  of  strongest  influence  from  river  discharges,  there 
is  a persistent  clockwise  circulation  or  eddy.  In  the  eddy's 
most  inshore  portion,  off  New  Jersey  and  Long  Island,  flow  runs 
counter  to  the  general  flow  over  the  continental  shelf  adjacent 
to  this  part  of  the  coast.  Details  of  the  seaward  extent  and 
vertical  structure  of  the  eddy  are  imprefectly  known. 

The  evidence  on  which  these  statements  are  based  is  developed  in  sequel. 


1.2  LAGRANGIAN  MEASUREMENTS  USING  SURFACE  AND  SEABED  DRIFTERS-1969 

Data  from  the  Sandy  Hook  Laboratory's  1969  study  most  relevant  to 
movement  of  materials  by  currents  in  the  New  York  Bight  resulted  from 
deployment  of  Lagrangian  drifters  which  measure  water  movement  at  the 
surface  and  bottom  of  the  water  column.  Reaction  of  these  drifters  to 
water  movement  approximates  that  of  other  small  movable  objects  at  the 
surface  and  near  the  seabed.  Their  behavior  thus  provides  a direct 
estimate  of  the  effect  of  water  movement  on  the  transport  and  dispersal 
of  sewage  sludge  and  dredging  spoils.  The  seabed  drifter  is  a positively 
buoyant  plastic  saucer  (18  cm  diameter)  fastened  to  a small  diameter  stem 
54  cm  long.  The  free  end  of  this  stem  is  weighted  so  that  the  whole 
drifter  has  slight  negative  buoyancy.  Surface  drifters  used  for  the 
study  were  small  bottles,  ballasted  to  float  vertically  and  to  present  a 
low  above-surface  profile  to  minimize  wind  effects.  Drifter  movement  in 
the  marine  environment  is  effected  by  advectlve  and  dispersive  processes, 
each  with  many  time  and  space  scales.  Recovery  data  represent  a time 
and  space  integral  of  these  processes,  about  which  little  structural 
information  is  available. 


1.2.1  Temporal  Variations 

During  1969,  drifters  were  deposited  along  a grid  of  23  stations  on 
approximately  a monthly  basis.  Of  the  1886  surface  drifters  released, 

497  or  about  26%  were  recovered  by  the  public  and  returned  to  the  project 
office.  Of  the  2190  seabed  drifters  released,  710  or  about  32%  were 
returned.  This  represents  the  total  release  and  recovery  for  all 
stations  during  1969  without  regard  to  temporal  variations.  These  rates 
of  return  are  very  high  for  this  type  of  sampling.  Data  on  the  rate  of 
return  for  all  stations  as  a function  of  time  are  presented  in  figure  1.1. 

The  central  portion  of  the  figure  shows  rate  of  return  for  surface 
drifters  released  at  times  indicated  by  dots  while  the  bottom  portion 


shows  rate  of  return  for  seabed  drifters  released  at  times  also  indicat- 
ed by  dots.  The  uppermost  part  of  the  figure  shows  the  weekly  mean  wind 
vectors  at  Ambrose  Light  Station  during  1969.  Winds  showed  a dramatic 
shift  in  mean  direction  from  northerly  to  southerly  during  March  and 
April.  Winds  continued  to  be  from  the  south  and  weaker  until  near  the 
end  of  September  when  another  shift  to  northerlies  occurred.  During 
spring  and  summer  the  winds  exhibited  a diurnal  periodicity  in  the  north 
component . 


Figure  1.1  Time  histor>y  of  drifter  returns 
compared  with  wind  at  Ambrose  Light  Station. 


It  is  apparent  from  the  surface  drifter  returns  that  wind-induced 
effects  tended  to  dominate  surface  circulation.  In  the  early  part  of  the 
year  when  winds  were  from  the  north-northwest,  virtually  no  surface 
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drifters  were  recovered;  they  undoubtedly  were  swept  out  to  sea.  Con- 
versely, during  spring  and  summer,  winds  pushed  surface  water,  and  hence 
drifters,  in  toward  the  Long  Island  beaches.  Then  during  late  summer  and 
fall,  recoveries  decreased  as  the  winds  became  variable  and  ultimately 
switched  toward  the  southeast.  It  is  not  likely  that  decreased  beach 
traffic  in  winter  months  accounted  for  the  decline  of  surface  drifter 
returns  since  returns  of  bottom  drifters  had  a slight  maximum  for  this 
period . 

In  general,  however,  return  of  seabed  drifters  showed  only  slight 
seasonality.  There  was  a slight  decrease  below  the  annual  average  during 
the  period  of  high  surface  return.  This  suggests  that  during  the  spring 
when  river  outflow  at  the  surface  and  return  of  bottom  water  into  the 
harbor  mouth  due  to  estuarine  circulation  processes  are  the  strongest, 
more  seabed  drifters  return  up  into  the  Hudson  estuary.  Once  inside  the 
estuary,  they  tend  to  be  lost  because  few  areas  are  suitable  for  beach- 
ing and  recovery  of  drifters.  Recoveries  from  within  the  estuary  tend  to 
show  a slightly  different  picture;  for  just  two  months,  August  ^nd  Sep- 
tember, recoveries  were  much  higher  than  for  any  other  two  month  segment. 
This  higher  rate  is  nearly  three.^times  the  recovery  rate  for  the  more 
nearly  average  months  of  April  and  May. 

1.2.2  Spatial  Structure  of  Seabed  Drifter  Returns 

In  addition  to  the  tendency  for  bottom  water  to  flow  northwest  into 
the  Hudson  mouth,  there  is  a marked  tendency  for  northward  flow  with 
only  a slight  tendency  for  flow  to  the  west;  477  drifters  were  recovered 
along  the  south  coast  of  Long  Island,  whereas  127  drifters  beached  along 
the  eastern  coast  of  the  mainland  from  Sandy  Hook  to  Cape  May.  To  ex- 
amine the  tendency  for  flow  toward  Long  Island  the  drifter  data  have  been 
organized  by  normalizing  recoveries  of  drifters  on  Long  Island  to  the 
total  number  recovered.  This  ratio  for  each  station  in  the  apex  grid  has 
been  presented  (as  percentage)  in  the  lower  portion  of  figure  1.2.  The 
data  indicate  that  most  drifters  recovered  on  Long  Island  beaches  origi- 
nated at  stations  east  of  the  Hudson  Shelf  Channel,  while  very  few  origi- 
nated west  of  the  channel.  This  is  not  strictly  the  case  for  drifters 
released  within  8 km  of  Long  Island;  their  recoveries  dominantly  show  a 
dependence  of  recovery  only  on  distance  from  shore.  The  high  rate  of 
relative  return  from  the  south  central  portion  of  the  apex  suggests  that 
dominant  long  period  flow  is  toward  the  north.  The  general  impression 
conveyed  by  this  year  of  bottom  drifter  data  leads  to  the  hypothesis  of 
general  clockwise  circulation  in  the  Bight. 

This  picture  is  consistent  with  the  rates  of  return  of  seabed 
drifters  released  near  the  existing  sewage  sludge  dumpsite.  Return  rate 
for  those  drifters  was  slightly  lower  (24%)  than  the  overall  return  rate 
of  seabed  drifters  (30-40%),  but  still  relatively  high.  Two-thirds  of 
recoveries  for  drifters  released  near  the  dumpsite  were  on  Long  Island. 
The  drifters  did  not  move  rapidly  across  the  19  km  to  the  beach. 
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Figure  7.2  Origin  of  drifters  recovered  on  Long  Island. 
Contours  are  of  total  recovered  on  Long  Island  as  percent 
of  all  returns  from  individual  stations.  Upper  panel: 
Surface  drifters.  Louer  panel:  Seabed  drifters. 


Although  the  earliest  recovery  was  made  only  13  days  after  release,  the 
average  time  in  the  water  was  88  days,  with  some  drifters  being  found 
as  much  as  1 year  after  release. 

Data  for  the  bottom  drifters  recovered  within  the  harbor  are  pre- 
sented in  figure  1.3.  The  contours  of  percent  return  provide  a measure 
of  the  region  most  strongly  influenced  by  the  near  bottom  estuarine  flow 
This  effect  apparently  does  not  extend  east  of  the  Hudson  Shelf  Valley. 


Figure  l.i.  Origin  of  seabed  drifters 
recovered  within  the  Hudson  Estuary . 


1.2.3  Spatial  Structure  of  Surface  Drifter  Returns 

Flow  implied  by  surface  drifter  returns  is  much  more  uncertain  due 
to  a higher  degree  of  variability  Induced  by  the  winds.  However,  it  is 
clear  from  the  data  that  drifters  released  closest  to  Long  Island's 
south  shore  had  the  greatest  Incidence  of  shore  recovery.  In  a manner 
similar  to  that  used  to  show  the  seabed  drifter  recoveries,  the  origin 
of  release  for  tlie  406  drifters  collected  on  the  south  shore  of  Long 
Island  is  shown  in  the  upper  segment  of  figure  1.2.  There  is  a ridge  of 
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high  rate  of  return  to  the  north  shore  from  the  center  of  the  apex 
with  areas  of  low  return  on  either  side.  This  ridge  is  due  to  the 
incidence  of  summer  winds  which  move  the  drifters  to  the  northward  and 
ground  them  on  Long  Island.  At  least  for  1969,  the  predominant  charac- 
ter of  non-winter  surface  flow  is  inferred  to  be  northward. 

For  surface  drifters  released  near  the  sewage  sludge  dumpsite,  only 
17%  of  all  those  released  were  recovered,  but  over  90%  of  those  recover- 
ed were  found  on  Long  Island  beaches.  The  apparent  low  recovery  rate 
is  due  to  the  tendency,  for  nearly  one-half  the  year,  for  wind  to  blow 
surface  water  (and  drifters)  out  of  the  apex  to  the  southeast. 


1.3  DIRECT  CURRENT  MEASUREMENTS  IN  THE  BIGHT  APEX 

During  the  first  field  year  of  the  MESA  New  York  Bight  Project,  a 
major  effort  was  made  to  collect  data  on  water  movement  in  the  apex. 
Measurements  were  made  to  provide  data  on  mean  currents  as  well  as 
temporal  and  spatial  variations  in  circulation  in  the  region  surround- 
ing the  dumpsites.  One  objective  of  the  current  meter  array  was  to 
provide  data  to  test  the  hypothesis  of  clockwise  circulation  in  the 
apex.  The  main  placement  of  recording  current  meters  was  in  two  tran- 
sects perpendicular  to  the  New  York  and  New  Jersey  shores.  Meters  were 
also  placed  at  stations  in  the  New  Jersey-Rockaway  transect,  adjacent 
to  Long  Island,  east  of  the  main  set  of  stations,  and  about  56  km 
southeast  of  the  harbor  mouth. 

The  array  of  stations  was  occupied  twice  during  the  last  half  of 
1973:  Phase  I:  August-September , and  Phase  II:  October-December . 

Maximum  period  of  sampling  for  each  phase  was  about  45  days.  Near  the 
end  of  Phase  I,  a current  meter  station  was  placed  near  the  sewage 
sludge  dumpsite  and  obtained  a concurrent  two-week  record.  Results 
from  preliminary  analysis  of  data  from  these  measurements  are  discussed 
in  the  following  subsections. 


1.3.1  Temporal  Variability  of  Flow 

One  of  the  more  difficult  oceanographic  concepts  to  convey  to  other 
than  professional  oceanographers  is  that  of  temporal  variability,  espe- 
cially low  frequency  variability,  on  ocean  currents.  A useful  technique 
for  displaying  amount  and  type  of  flow  variability  is  the  spectrum 
function  for  energy  of  the  flow.  Two  such  spectrum  functions  are  shown 
in  figure  1.4.  The  curves,  denoting  energy  in  the  east  component  of 
flow  at  station  F for  Phase  I and  II,  are  typical  of  nearshore  current 
measurements  in  the  Bight.  The  major  features  of  these  functions  are 
the  peaks  that  occur  near  periods  of  12  hours,  19  to  25  hours,  and  at 
the  left-hand  limit.  Respectively,  these  peaks  are  associated  with  the 
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semidally  tides,  a mixture  of  inertial  currents  and  daily  tides,  and  ir- 
regular variations  of  time  scales  amounting  to  several  days.  Each  time 
scale  plays  a particular  role  in  the  movement  of  water-borne  materials. 
In  general  terms,  the  effect  of  energetic  currents  of  high  frequency  is 
to  create  turbulence  and  to  maintain  materials  in  suspension,  but  not 
necessarily  to  transport  or  disperse  them  over  long  distances.  Advective 
transport  is  effected  by  low  frequency  processes.  A period  of  40  hours 
is  commonly  used  to  distinguish  between  high  and  low  frequency  processes 
in  the  ocean.  For  the  Station  F spectra  shown  in  figure  1.4,  about  75% 
of  the  current  variance  occurred  at  periods  less  than  40  hours  during 
Phase  I.  However,  during  Phase  II  these  higher  frequencies  accounted 
for  only  36%  of  the  current  variance.  During  Phase  II  a simi lar  f requen- 
cy  distribution  of  current  energy  was  found  at  the  nearshore  Station  K. 
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However  at  Station  A,  further  offshore,  the  high  frequency  portion  of 
current  energy  is  only  28%  for  Phase  I,  then  drops  to  about  10%  for 
Phase  II.  By  comparative  measure,  the  ratio  of  variance  energy  to 
energy  of  the  mean  flow,  a ratio  that  is  the  prime  interest  in  dis- 
cussions of  pollutant  advection,  shows  a value  at  Station  F of  about 
13  for  Phase  I which  drops  to  3 for  Phase  II. 

1.3.2  Phase  I Average  Flow 

Phase  I measurements  were  made  during  the  period  of  the  year  when 
strong  stratification  exists  in  apex.  Accompanying  salinity-temperature- 
depth  (STD)  data  show  that  during  most  of  the  period  a strong  pycnocline 
existed  about  midway  in  the  water  column,  although  the  structure  changed 
from  one  of  a multilayer  to  one  of  marked  two  layers  during  the  period  of 
measurement.  The  bulk  of  current  meter  data  was  obtained  from  the  lower 
portion  of  the  water  column. 

Figure  1.5  shows  the  mean  current  vectors  for  Phase  I.  The  vectors 
represent  the  net  movement  in  the  lower  portion  of  the  water  column  over 
the  50  days  the  current  meters  were  in  operation.  Locations  in  the 
water  column  of  meters  used  in  this  compilation  and  that  of  figure  1.6 
are  shown  in  table  1.1. 


Table  1.1  Level  of  'urver.t  y.eter  'I  sew  it:  one 


Station 

Water  Depth  (m) 

Distance  of  Meter 
above  Bottom  (m) 

Percent  of 
Water  Column 

A 

45 

15 

33 

D 

10 

1 

10 

E 

16 

8 

46 

F 

24 

9 

38 

G 

38 

15 

41 

K 

20 

9 

44 

ST-4 

28 

11 

39 

Station  ST-4  is  the  dumpsite  station  whose  period  of  observation  was  14 
days.  Data  from  all  stations  show  estuarine  circulation  into  the 
Raritan  Bay  and  support  the  hypothesis  of  clockwise  gyral  circulation  in 
the  apex. 

Data  from  station  D are  dominated  by  strong  tidal  motions.  There  is 
a net  bottom  water  flow  into  the  harbor  of  about  3 cm  sec"'.  This  flow 
is  consistent  with  estuarine  circulation  concepts. 
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Mean  speed  at  all  other  stations  is  a reasonably  ci3nsistent  4-f>  cm 
see"'.  This  speed  is  siibstant  ially  below  the  instantanei'iis  speeds  char 
acteristic  for  this  period.  The  data  records  exhibit  a hi^h  <le3>ree  of 
variability  due  primarily  to  tides,  but  with  winds  dominating  flow  for 
significant  portions  of  the  records.  Character ist  ic.sl  ly,  at  Station  K 
maximum  speeds  are  about  50  cm  sec~’,  nearly  ten  times  the  long  term 
mean. 

Data  from  a station  (H,  not  shown)  to  the  cast,  adjacent  to  Long 
Island,  show  a weak  mean  speed  (3  cm  sec"')  and  a direction  i'*'  flow 


toward  the  southwest.  This  direction  is  consistent  with  shelf  flow  re- 
flected by  Station  G but  represents  a reversal  of  the  inshore  counterflow 
at  Station  F.  During  Phase  I this  Long  Island  station  appears  to  occupy 
a position  outside  of  the  apex  gyre.  Station  G data  may  not  indicate  the 
position  of  the  southeast  limb  of  the  gyre  but  they  do  indicate  that 
general  long  term  movement  on  the  shelf  is  toward  the  southwest. 


1.3.3  Phase  II  Flow  Character 

The  second  phase  of  current  measurement  was  begun  in  late  October 
and  completed  in  early  December  1973.  Several  stations  were  added  to  the 
original  array  to  increase  measurement  density  in  the  sections  perpen- 
dicular to  New  York  and  New  Jersey  and  in  the  Sandy  Hook  to  Rockiiway 
transec  t . 

During  Phase  II  the  water  had  become  nearly  homogeneous  in  tempera- 
ture and  salinity.  Historical  data  suggest  this  transition  occurs  some- 
time in  October  and  continues  through  January.  Data  from  STD  casts  made 
while  the  current  meters  were  operating  show  a homogeneous  water  column 
that  was  gradually  cooling  for  the  entire  operation  period. 

A preliminary  examination  of  records  from  several  levels  at  selected 
stations  suggests  that  the  effect  of  stratification  on  currents  is  sig- 
nificant. When  a layered  density  structure  exists  (Phase  I),  flow  in 
various  layers  generally  has  different  speeds  and  directions;  during  non- 
stratified  conditions,  measurements  at  various  levels  on  a single  station 
generally  show  flow  to  be  more  uniform  top  to  bottom.  The  effect  of 
stratification  may  be  significant  in  relation  to  the  competence  of  the 
flow  to  erode  or  suspend  particulate  material  in  Bight  waters. 

Direction  of  long  term  mean  flow  during  Phase  II  is  not  significant- 
ly different  from  that  observed  during  Phase  I.  Speeds  are  generally 
higher  owing  to  the  higher  level  of  wind  energy  input  to  the  water  column 
Figure  1.6  shows  a summary  of  the  direction  data  for  each  station  at  the 
level  approximately  30-40%  of  the  way  up  the  water  column.  The  data  were 
subjected  to  a low  pass  filter  to  remove  variations  with  periods  less 
than  2 hours.  The  polar  histograms  of  figure  1.6  show  tiie  frequency 
distribution  of  currents  partitioned  into  10-degree  increments,  where  the 
length  of  each  line  represents  the  percentage  of  the  total  record  occupy- 
ing that  direction  segment.  As  in  Phase  I,  data  taken  from  the  transect 
denoted  by  Station  A and  K show  that  flow  is  generally  northward;  for  tlte 
Long  Island  transect  (Stations  E,  F)  flow  is  predominantly  eastward. 

Comparison  of  data  from  Stations  E and  F indicates  that  at  stations 
further  offshore,  low  frequency  flow  has  a greater  frequency  of  cross- 
contour flow  than  at  the  inner  stations.  The  strong  directionality  of 
the  data  from  Station  A is  due  to  the  major  depth  change  associated  with 
the  Hudson  Shelf  Channel  where  Station  A is  located. 
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Although  the  station  at  the  sewage  sludge  dumpsite  was  not  reoccu- 
pied during  Phase  II,  these  data  have  been  included  for  comparison. 
Favored  flow  directions  here  are  to  the  northeast,  in  conformance  to  the 
counterflow,  and  to  the  northwest,  perhaps  associated  with  the  estuarine 
bottom  flow  into  the  mouth  of  trie  Hudson  estuary.  Estuarine  return  flow 
is  still  Indicated  at  Station  D,  but  it  is  evident  that  there  is  great 
variability  in  this  confined  region. 


Finure  1.6  Polar  histograms  of  direction 
frequencg  for  stations  of  Phase  IT. 


1.3.4  Speed  of  Flow  Near  Long  Island 

The  direction  roses  of  figure  1.6  show  only  the  tendency  for  the 
direction  of  flov;.  A speed  rose,  constructed  in  a similar  manner  but 
using  average  speed  in  each  direction  component  shows  little  direction- 
ality in  speed.  This  suggests  that  figure  1.6  can  be  used  to  Indicate 
general  magnitude  of  transport  during  Phase  II. 

A more  direct  manner  to  exhibit  current  speed  data  is  to  present 
the  current  vectors  as  a sequence  in  time.  Such  a presentation  of 
vector  time  series  for  Station  E is  shown  in  figure  1.7.  Here  the  data 


Figure  1.7  Veetor  time  series  of  data 
fr^m  Station  E during  Phases  I and  II. 
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were  subjected  to  a 40-hour  low-pass  filter  to  remove  the  high  frequency 
(tidal)  component  and  then  resampled  every  6 hours.  The  data  for  both 
Phase  1 and  II  are  presented  with  time  increasing  toward  the  bottom  of 
the  page.  In  general,  direction  is  more  consistent  in  Phase  II,  but 
both  data  sets  show  a dominance  of  eastward  flow.  Speed  of  flow  is 
comparable  for  each  phase  with  speeds  of  20-30  cm  sec~^  characteristic. 

A speed  of  50  cm  sec~'  occurred  abruptly  during  Phase  II  near  day  305 
following  a reversal  in  flow.  This  reversal  and  high  speed  were  observed 
in  conjunction  with  passage  of  a major  storm  front  through  the  area. 

1.4  INFERENCE  OF  SURFACE  FLOW  FROM  ERTS  DATA 

In  the  foregoing  discussion  of  direct  current  measurements  no 
mention  was  made  of  the  surface  circulation.  During  the  first  year  of 
tlie  MESA  field  effort  no  near  surface  current  measurements  were  made. 
Drifter  data  suggest  some  seasonal  changes  in  the  surface  flow  and  also 
indicate  the  tendency  for  surface  material  deposited  in  the  western  por- 
tion of  the  Bight  apex  to  remain  in  that  sector  and  preferentially  move 
toward  the  New  Jersey  shore.  Historic  density  data  show  that  flow  in 
the  western  portion  of  the  apex  tends  to  be  dominated  by  the  outflow 
from  the  Hudson  River,  and  this  flow  during  spring  and  summer  is  gener- 
ally to  the  south  along  the  New  Jersey  coast. 

These  data  have  been  supported  with  remotely  sensed  data  from  the 
Earth  Resources  Technology  Satellite  (ERTS-1).  Figure  1.8  is  an 
example  of  the  output  from  an  ERTS overpass  of  the  New  York  Bight.  The 
figure  shows  a portion  of  the  apex  approximately  48  km  x 48  km.  Outflow 
from  the  Hudson  is  clearly  visible  in  the  left  side  of  the  frame  and 
appears  to  hug  the  New  Jersey  coast.  Data  from  subsequent  overflights 
during  spring  and  summer  show  much  the  same  picture.  Material  visible  in 
the  center  of  the  picture  is  residue  from  waste  dumps. 


2.  GEOLOGICAL  OCEANOGRAPHY;  SEDIMENTATION  IN  THE  NEW  YORK  BIGHT  APEX 
,VND  APPLICATION  TO  PROBLEMS  OF  WASTE  DISPOSAL. 
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George  Freeland,  William  Lavelle,  Thomas  McKinney  (Vassar  College) 
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2.1.  INTRODUCTION 

The  New  York  Bight  apex  is  a major  depository  for  the  disposal  of 
waste,  including  waste  acid,  dredge  spoil,  cellar  dirt,  and  sewage 
sludge.  Waste  disposal  at  the  sewage  sludge  dumpslte  presently  occurs  at  . 
a rate  of  approximately  4.5  million  tr/yr.  Of  this  volume  approximately 
6%  or  270,000  tons  is  solid  material  (based  on  percent  solid  estimates'  by 
Gross,  1972).  This  dumping  (at  ever  increasing  rates)  has  been  taking 
place  for  45  years  (Dewling,  1974).  The  following  calculation  gives  some 
idea  of  the  maximum  voliime  of  solid  material  dumped  during  the  45  years: 

If  we  use  the  present-day  rate  of  dumping  over  the  45-year  periods,  then 
complete  retention  of  the  sewage  sludge  solids  in  a 5 x 5 km  area  would 
result  in  a pure  sludge  bed  about  50  cm  (approximately  1.5  ft)  thick. 

This  would  produce  an  insignificant  depth  change  at  the  dumpsite.  The 
obvious  conclusion  is  that,  while  sewage  sludge  may  be  dispersed  from  the 
dumpsite  area,  it  is  not  because  the  dumpsite  depression  has  filled  and 
is  now  overflowing. 

Because  Manhattan,  Brooklyn,  and  Staten  Island  discharge  raw  sewage 
directly  to  New  York  Harbor,  Hudson  River,  and  East  River  at  the  rates  of 
1340  million  liters/day,  it  is  estim.ated  that  about  1.7  million  m'/yr  of 
sewage  sludge  (containing  100,000  tons  of  solids)  are  deposited  in  New 
York  Harbor.  This  material  subsequently  is  dredged  (along  with  natural 
mud)  and  disposed  of  at  the  dredge  spoil  (mud)  dumpsite  on  the  west  side 
of  Hudson  Shelf  Channel  (Environmental  Protection  Agency  (EPA) , 1973). 

In  fact,  the  quantity  of  total  solids  dum.ped  at  the  mud  site  each  year  is 
at  least  10  times  greater  than  that  dumped  at  the  sewage  sludge  site. 
Sediment  and  chem.ical  analyses  by  Gross  (1972)  suggest  that,  in  terms  of 
the  ecology  of  the  New  York  Bight,  the  dredge  spoil  (mud)  dumpsite  may  be 
more  significant. 

Prior  to  1972,  32  municipal  waste  treatment  plants  along  the  New 
Jersey  coast  discharged  about  157  million  liters/day  of  effluent  to  the 
Atlantic  via  outfall  pipelines  (most  of  this  was  primary  treated,  dis- 
infected effluent).  During  November  through  March  of  each  year  the 
accumulated  sewage  sludge  was  pumped  through  the  pipelines  to  the  near- 
shore New  .lersey  shelf  (EPA,  1973).  Federal  action  stopped  this  practice 
in  1972  and  the  sludge  is  now  barged  to  the  ofishcre  dumpsite. 

Gross  (1972),  using  data  from  1964-1968,  pointed  out  that  total 
ocean  dumping  off  New  York  including  dredge  spoil,  sewage  sludge,  waste 
acid,  and  cellar  dirt  amounted  to  approximately  4.6  million  tons/yr  of 


solids  (see  table  2.1).  This  amount  of  sediment  is  roughly  equivalent  to 
the  natural  sediment  load  of  all  rivers  between  Connecticut  and  Cape 
Hatteras,  North  Carolina. 

Recent  advances  in  our  understanding  of  ocean  currents  over  contin- 
ental shelves  have  shown  that  landward  residual  transport  near  the  bottom 
commonly  occurs  within  10  to  50  km  of  the  shore  (Bumpus,  1965;  Gross 

al^. , 1969).  Onshore  bottom  water  flow  is  especially  evident  off  major 
coastal  estuaries.  This  type  of  circulation  tends  to  trap  both  coarse 
and  fine-grained  sediments  in  the  estuaries,  coastal  wetlands,  and  inner 
shelf  areas  (Meade,  1972). 

This  potential  feedback  of  some  of  the  wastes  dumped  offshore  and 
the  demonstrated  environmental  deterioration  in  the  immediate  dumpsite 
areas  are  among  the  important  reasons  for  a thorough  assessment  of  man's 
effects  on  New  York  Bight  ecology. 


York  Bij'nt  Aycx  Dwyc 


Volume  (10^  m^ /yr) 

Solids  (10^  tons/yr) 

Sewage  Sludge 

3.8  to  4.5 

0.23  to  0.27* 

Dredge  Spoils 

5.6  to  5.8 

3.5t 

Cellar  Dirt 

0.54 

0.59ft 

Acid  Wastes 

2.3  to  3.5 

0.23  to  0.35** 

Average  totals: 

13.3 

4.6 

* Average  solid  content  of  6Z  (Gross,  1972). 

“ Based  on  bulk  densities  of  1.3  tons/m’  (Gross,  1972;  EPA,  1973). 
From  Gross  (1972). 

**  From  Gross  (1972)  and  EPA  (1973). 


Recently  public  concern  has  been  aroused  relative  to  the  deleteri- 
ous effects  of  waste  disposal  in  the  Bight  apex,  and  in  particular,  rela- 
tive to  the  effects  of  sewage  sludge  disposal  on  the  safety  of  the 
beaches  of  the  Long  Island  South  Shore. 

This  report  summarizes  relevant  data  acquired  by  the  geological 
oceanography  program  of  the  MESA  New  York  Bight  Project.  The  program 
has  been  concerned  with  (1)  the  physical  nature  of  the  substrate  of  the 
Bight  apex;  its  topography,  surficial  sediment  distribution,  and  distri- 
bution of  sediment  with  depth,  and  (2)  the  dynamic  system  of  sediment 
erosion,  transport,  and  deposition  within  the  Bight  apex.  Data  collec- 
tion and  analysis  for  this  program  are  far  from  complete.  Even  when  com- 
plete the  data  must  be  carefully  integrated  with  data  from  the  biologi- 
cal, chemical,  and  physical  oceanography  programs,  before  they  can  be 


55 


applied  to  problems  of  ocean  dumping.  However,  because  of  the  urgency  of 
the  public  problem,  available  data  are  set  forth  in  this  report. 

2.2  PHYSICAL  NATURE  OF  THE  SEA  FLOOR 
2.2.1  Topography,  Shallow  Structure,  and  Geologic  History 

The  main  topography  elements  of  the  floor  of  the  Bight  apex  (fig. 
2.1)  are  the  Hudson  Shelf  Valley,  the  Christiaensen  Basin  (Veatch  and 
Smith,  1939),  Cholera  Bank,  and  the  New  Jersey  Platform.  The  origin  of 
these  features  must  be  sought  in  the  geologic  history  of  the  Bight  apex 
during  the  past  15,000  years. 
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Approximately  15,000  years  ago,  during  the  period  of  the  last  major 
ice  advance  of  the  Pleistocene  Ice  Age,  so  much  sea  water  was  locked  up 
in  the  continental  ice  sheets  that  sea  level  was  lowered  more  than  125  m 
(Milllman  and  Emery,  1968).  The  New  York — New  Jersey  shoreline  withdrew 
to  the  edge  of  the  continental  shelf,  over  200  km  to  the  east.  The  Hud- 
son Shelf  Valley  was  incised  at  this  time  by  the  Hudson  River  flowing 
east  over  the  ex*‘^nded  coastal  plain  to  the  distant  shoreline. 

As  the  ice  sheets  melted,  the  shoreline  advanced  to  its  present  po- 
sition. Low  coasts  of  sand  and  clay,  such  as  the  coast  of  the  New  York 
Bight,  tend  to  have  a characteristic  submarine  profile,  maintained  by 
wave  and  wina-driven  currents.  The  profile  consists  of  a relatively 
steep  shoreface  (gradient  1:10  to  1:200)  which  descends  to  a depth  of 
15  to  20  m,  2 to  5 km  from  shore,  and  which  is  followed  in  a seaward 
direction  by  a more  gently  sloping  (gradient  greater  than  1:200)  inner 
shelf  floor.  During  the  post-glacial  rise  in  sea  level,  this  profile 
retreated  landwards  by  a process  of  erosional  shoreface  retreat  due  to 
scour  of  the  shoreface  by  wind  and  wave  driven  currents  (Swift  et  al . , 
1972).  The  sediment  eroded  from  the  retreating  shoreface  was  deposited 
as  a blanket  of  relatively  clean  sand  over  the  shelf  floor.  As  the  Long 
Island  shoreline  retreated,  sand  moving  southward  in  the  breaker-driven 
littoral  current  tended  to  pile  up  on  the  north  side  of  the  ancestral 
Hudson  Estuary  mouth  in  the  form  of  tide-molded  shoals.  The  landward 
movement  of  the  shoal  zone  as  the  estuary  mouth  retreated  has  resulted 
in  a raised  north  rim  of  the  shelf  valley  (Cholera  Bank).  South  moving 
littoral  drift  from  the  retreating  shoreline  and  sediment  swept  south 
after  the  passage  of  the  shoreline  by  storm  currents  have  resulted  in 
appreciable  filling  in  the  east  side  of  the  shelf  valley  and  in  the 
Christiaensen  Basin  (figs.  2.2  and  2.3). 

Approximately  4,000  to  7,000  years  ago,  the  rate  of  sea  level  rise 
decreased.  Since  this  decrease,  the  coastline  of  the  Bight  apex  has 
assumed  its  present  form.  Within  this  relatively  recent  period  Sandy 
Hook  spit  has  grown  into  the  harbor  mouth,  and  within  the  historical  per- 
iod, Rockaway  spit  has  done  so  (Shepard  and  Wanless,  1972,  p.  73-74; 
Taney,  1961). 

Comparison  of  a recent  NOAA  bathymetry  survey  (August,  1973,  unpub- 
lished) with  the  1936  bathymetry  (fig.  2.1)  indicates  a change  of  less 
than  2 m throughout  the  area,  except  in  the  vicinity  of  the  dredge  spoil 
dumpsite,  where  shoaling  up  to  12  m has  occurred. 

2.2.2  Distribution  and  Micro-topography  of  Surficial  Sediments 

Figure  2.4  presents  the  net  of  stations  at  which  samples  of  surfi- 
cial sediments  were  collected  by  means  of  a Shipek  grab  sampler.  During 
this  sampling  operation,  accomplished  between  June  1972  and  July  1974, 
navigation  was  provided  by  Loran  A and  radar  in  some  sectors,  and  by 
Raydist  in  others. 
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Figure  2.2.  Seismic  profiles  of  the  Bight  apex,  collected 
with  a 3. S KHz  profiling  system.  Scale  indicators  are 
2,000  m apart.  Each  tick  is  20  m sec.  Total  depth  of 
penetration  is  about  SO  m. 


Index  map  for  illustration. 
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Figure  2.4.  Net  of  Shipek  grab  samples  in  the  Bight  apex 
Sample  interval  is  approximately  0.9  km. 
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Figure  2.5  presents  the  distribution  of  surficial  sediment  on  the 
floor  of  the  Bight  apex.  The  map  is  based  on  macroscopic  comparison  of 
samples  with  standards,  but  does  not  significantly  differ  from  a grain 
size  map  based  on  precision  settling  techniques  (in  preparation). 
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Figure  2.5.  Distributioyi  of  surficial  sediivent  types 
hi  the  Bight  apex,  based  on  visual  exardnaticn  of 
sairples. 


Distribution  of  surficial  sediments  in  the  Bight  apex  is  quite  sys- 
tematic. Grain  size  is  primarily  a function  of  depth.  Mud  occurs  in  low 
areas,  namely  in  the  axis  of  the  shelf  valley,  in  the  Christlaensen 
Basin,  and  in  the  extension  of  the  Hudson  Shelf  Valley  toward  the  mouth 
of  outer  New  York  Harbor.  Small  patches  of  mud  also  occur  in  shallower 
water,  near  the  Long  Island  shore.  The  New  Jersey  Platform  and  Cholera 
Bank  are  floored  with  sand.  The  coarsest  sand  and  sandy  gravel  occur  in 
the  shallower  northern  Cholera  Bank  and  Shrewsbury  Rock  areas.  However, 
artifact  gravel  (brick,  cement,  plaster,  stone,  wood,  metal)  occurs  on 
sea  floor  highs  of  artificial  origin,  and  on  Cholera  Bank. 
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Considerable  additional  information  concerning  the  distribution  of 
surficlal  sediments  is  available  from  sidescan  sonar  records.  Sidescan 
sonar  is  a profiling  system  that  sends  overlapping  beams  of  sound  oblique- 
ly outwards  from  a transducer  towed  by  the  survey  ship  to  the  sea  floor  on 
either  side,  and  that  records  sound  reflected  back  to  the  transducer.  The 
result  is  analogous  to  an  oblique  aerial  photograph  of  the  sea  floor  on 
either  side  of  the  ship  (fig.  2.6).  Coarse  sediment  is  a better  acoustic 
reflector  than  fine  sediment  and  shows  up  on  the  sidescan  record  as  a dark 
zone. 


The  Bight  apex  has  been  surveyed  by  means  of  sidescan  sonar,  accord- 
ing to  a regular  survey  pattern  (fig.  2.7).  As  a result,  it  has  been 
possible  to  map  microtopography,  or  bottom  roughness  provinces.  Such 
bottom  roughness  is  induced  by  interaction  between  the  loose  sediment  of 
the  sea  floor  and  the  overlying  flow.  One  of  the  simplest  and  most  wide- 
spread forms  of  bottom  roughness  so  induced  is  ripples,  a response  of  the 
sandy  sea  floor  to  the  reversing  surge  generated  by  the  passage  of  sur- 
face waves.  Ripples  are  rarely  more  than  a few  centimeters  high  and  a 
few  tens  of  centimeters  apart  (fig.  2.8)  and  are  generally  too  small  to 
be  detected  by  the  sidescan  sonar.  However,  larger  bedforms  induced  by 
fluid  flow  occur.  Six  bedform  patterns  were  recorded. 

On  the  shoreward  end  of  Cholera  Bank,  and  again  along  the  New  Jersey 
shore,  sand  ribbons  were  observed  (figs.  2.9-2.11).  These  are  straight 
to  sinuous,  irregular,  or  branching  strips  of  medium  sand  overlying  a 
coarser  sand  or  sandy  gravel  of  subequal  width.  The  sand  ribbons  are 
responses  to  peak  flow  events  when  the  bottom  boundary  layer  of  the  flow 
field  is  organized  into  alternating  zones  of  convergent  and  divergent 
flow.  Sand  is  swept  into  ribbons  elongated  in  the  flow  direction. 

More  narrowly  spaced  and  more  regular  streaks  of  dark  on  sidescan 
records  (5  to  50  m wide)  are  interpreted  as  sand  waves,  or  large-scale 
current-induced  ripples  (figs.  2.9,  2.12,  2.13).  The  pattern  is  locally 
asymmetrical  in  that  the  light  bands  (finer  sand  of  the  sand  wave  crests) 
have  sharp  western  boundaries  against  the  alternating  dark  bands  on  the 
western  sides  but  have  gradiational  boundaries  on  the  eastern  sides. 

This  asymmetry  and  the  fact  that  some  of  the  features  occur  very  near  the 
Long  Island  shore  in  a shore-normal  position,  suggest  that  they  are  sand 
waves  (current-transverse  bedforms)  rather  than  sand  ribbons  (current 
parallel  bedforms).  The  asymmetry  is  most  commonly  weak  to  absent, 
however,  and  the  features,  unlike  true  sand  waves,  rarely  have  appreciable 
relief.  Hence,  it  is  believed  that  they  were  formed  as  sand  waves  during 
peak  flow  events  associated  with  winter  storms,  and  by  the  period  of  ob- 
servation had  been  degraded  by  bottom  wave  surge  and  by  the  activity  of 
burrowing  organisms.  The  sand-wave-like  features  occur  on  the  north 
margin  of  the  Christiaensen  Basin,  and  on  the  seaward  portion  of  Cholera 
Bank.  Their  probability  of  formation  is  increased  over  that  of  sand 
ribbons  where  the  substrate  consists  of  deep  medium-to-fine  grained  sand, 
rather  than  a thin  layer  of  medium  sand  over  a coarser  substrate. 
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Figure  2.6.  Above:  Diagrcxr:atia  rev:\jeKtatioy:  c;'  sidesouK  soKor  sv 

(The  transducer  used  for  the  -.v-  rk  descr-iled  In  t'nis  report  i:<2s  tcu'c 
behind  the  ship,  rather  than  fixed  iencath  it.)  A sinlar  bear,  of 
sound  extends  from  the  far  side  of  the  transducer.  Belderscn 

al. , 1972.]  Below:  Anatoru  of  a sidescan  record.  A.  Bottom  of  sea 

floor.  B.  Turbulence  in  water  aolurr.  due  to  sh.ip'a  wake.  C.  Zig-zag 
pattern  due  to  refraction  of  sound  in  dens:  tu-strati fied  water.  D.  Po. 
tion  of  record  due  to  reflection  of  side  lobe  (see  al>ove).'  E.  Portion 
of  record  due  to  reflection  of  main.  beam. 


Figure  2.7.  Pattern  of  t 
apex.  Every  fifth  line 
frcn  every  second  line, 
terlij  basis. 


electronic  suin^ey  of  h'ev  York  Bight 
ides  car.  sonar  records  verc  obtained 
co'.cectc  are  recccu].icd  on  a quar- 


Sea  floor  photograph  of  fine  rippled  scmd  fror  the  Eight  apex 
See  figure  2.2  for  location. 
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Figure  2.9.  Distribution  of  bottor.  roug'f.ness  ;\ztter':s 
in  the  iJev  York  Eight  apex. 


Two  other  patterns  are  associated  with  fine-grained  bottoms  (fine 
silty  sand  to  mud).  A patchy  texture  (figs.  2.9,  2.14,  2.15,  2.16) 
appears  to  be  the  result  of  the  deposition  of  a thin  discontinuous  blan- 
ket of  mud  or  silt  (light  pattern)  over  a slightly  coarser  substrate 
(dark  pattern).  The  patches  are  up  to  20  m in  diameter,  and  tend  to  be 
elongated  in  the  predominant  flow  direction.  The  few  cores  collected 
to  date  suggest  that  the  patchy  layers  are  a few  cm  or  less  thick,  and 
that  in  areas  whose  surface  is  characterized  by  this  pattern  the  under- 
lying sediment  consists  of  stacked  sequences  of  sand  and  mud  layers.  On 
the  margin  of  the  cellar  dirt  dumpsite,  however,  the  light  pattern  ap- 
pears to  fill  lows  on  a surface  of  dumped  rubble. 

On  the  New  Jersey  Platform  a more  streaky  pattern  is  seen  on  the 
surface  of  the  pocket  of  mud  that  fills  the  extension  of  the  Hudson 
Shelf  Valley  towards  the  New  York  Harbor  mouth,  perhaps  because  of  the 
more  intense  semidiurnal  tidal  flow  experienced  by  the  sea  floor  in  this 
area  (figs.  2.9,  2.11,  2.17). 
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Figure  2.12.  .Reproduction  of  sidesaan  sonar  records  showing 
sand-wave- like  features  on  Cholera  Bank.  Recorded  strips 
are  366  ri  wide.  See  figure  2.3  for  location. 


Finally  a characteristic  dark,  rubbly  texture  is  seen  in  the  vicin- 
ity of  the  cellar  dirt  dumpsite  (figs.  2.9,  2.1A,  2.18,  2.19).  Individ- 
ual blocks  of  stone  or  concrete  may  be  occasionally  discerned. 

Figure  2.20  is  a running  average  of  the  directions  of  bedform  trends, 
constructed  by  placing  a 4 n mi  grid  over  a sidescan  mosaic  drawn  with 
angular  correction  from  the  original  records.  Mean  trends  within  grid 
squares  were  estimated.  The  dashed  line  encircles  the  zone  where  the 
bedforms  are  believed  to  be  dominantly  current-parallel,  rather  than  cur- 
rent-transverse.  Except  in  zones  of  patchy  texture  (fig.  2.9),  grain 
size  distribution  within  the  Bight  apex  appears  stable  with  time  (fig. 
2.21). 
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Figure  2.  IS.  ").>o  .ri:ici'.‘aK  noK.ir  rrr'-rda  taken  in  the  sane 
small  art. a - i • sht  . Stvparen;. 

degraded  san.d  Mves  vis';  \ in  Satrtarg  as  Light  (medium 
sand)  strea'n.'  'ret'.seer.  dark  (■  -area  gravcllg  sand)  streak 
have  been  largely  iteratt-J  bu  a j'crlg  defined  sinuou 
patter>i  by  ''ay  li‘74.  dots  Labelled  MS  arc  the  locations 
of  medium  sand  soj'iplcs.  Positioning  error  on  the  sample 
is  - lb  m.  See  figure  2.2  f^'r  location. 
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Figure  2, 14.  Reproduction  of  sidesaan  sonar  records  showing 
smooth  bottom  in  northeast,  grading  into  patchy  texture  in 
center,  and  into  rubbly  texture  in  southwest  comer  {cellar 
dirt  dumpsite) , Recorded  strips  are  366  m wide.  See  figure 
2. 3 for  location. 
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Figure  2.  IS.  Above:  Pateky  texture  frcn  necu'  cellar  dirt  durrpsite. 

Below:  Schcnatic  of  three  sideecan  sonar  records  of  the  scv^e  area  on 

three  successive  occasior.s,  illustrating  patchy  texture^  ar.d  the  tem- 
poral variation  of  the  pattern.  Probable  error  of  P.aydist  positioning 
system:  ± IS  m. 
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gio'e  2.20.  Ti^enda  of  linear  hedfomo  as  revealed  by  sidccear.  sonar 
records.  Bcdfoi^ns  are  inferred  to  he  prinarily  current-parallel  vi 
the  da.shcd  area,  cnri’ent-tra>:sverse  clsevkere . 
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gure  2.21.  Above:  Mean  grain  dianeters  from  two  surveys  of  north-south 
transect  from  sewage  sludge  dumpsitc  to  Long  Island  shore.  Below:  Per- 
cent fine  particulate  matter  for  same  surveys. 


2.3  SEDIMENT  TRANSPORT  IN  THE  BIGHT  APEX 


2.3.1  Modes  of  Sediment  Transport 

Sedimentary  processes  in  the  New  York  Bight  apex  fall  into  two  basic 
categories.  Coarse  sediment  (mainly  sand)  is  entrained  and  transported 
only  by  intense  flows.  Sand  moves  nearly  continuously  in  the  intense, 
coast-parallel,  wave-generated  current  in  the  zone  of  breaking  waves  near 
the  beach.  It  is  also  moved  by  intense  tidal  flows  at  the  mouth  of  New 
York  Harbor.  On  the  floor  of  the  Bight  apex,  however,  flows  sufficiently 
intense  to  entrain  sand  (approximately  30  to  40  cm  sec“^  at  100  cm  above 
the  bottom)  occur  only  intermittently,  mainly  during  winter  storms,  when 
strong  winds  can  generate  strong  surface  flows  of  water,  and  when  the 
water  column  is  unstratified,  so  that  the  downward  turbulent  transfer  of 
momentum  can  entrain  layers  of  water  as  far  downward  as  the  sea  floor. 
During  such  periods  of  strong  winds,  bottom  wave  surge,  whose  peak  velo- 
cities may  be  several  times  as  intense  as  mean  flow  velocity,  increases 
the  discharge  of  sand,  by  an  unknown  but  probably  great  amount,  by  sus- 
pending sand  grains  in  the  mean  flow. 

Suspended  fine  sediment  (mud)  is  also  entrained  by  the  action  of 
bottom  wave  surge  during  periods  of  strong  winds,  and  is  transported  by 
peak  flow  events.  However,  the  minute  clay  mineral  particles  when  resus- 
pended from  the  ocean  floor  tend  to  form  low  density,  high  surface-area 
agglomerates.  These  composite  particles  are  loosely  bound,  in  part  by 
electrostatic  charges,  but  probably  mainly  by  the  binding  action  of  such 
organic  materials  as  algal  mucus  and  bacterial  slime.  Such  particles  may 
consist  largely  of  degraded  organic  matter  and  diatom  frustules,  with 
only  minor  quantities  of  embedded  clay  mineral  grains.  Pelletization  by 
mud-feeding  invertebrates  results  In  denser  aggregates.  During  periods 
of  plankton  blooms,  the  bulk  of  the  suspended  material  may  be  living,  con- 
sisting of  diatoms,  foraminifera,  algae,  and  other  plankton.  Settling 
velocities  of  these  composite  particles  are  low  and  they  may  remain  in 
suspension  for  days  or  weeks  after  entrainment,  during  which  periods  they 
may  be  transported  for  distances  of  many  tens  of  kilometers  by  the  slow, 
tide-modulated  fair-weather  circulation  pattern.  Thus  the  pattern  of  mud 
transport  and  also  the  coastal  mud  budget  is  markedly  different  than  the 
transport  pattern  and  budget  of  sand. 

2.3.2  Suspended  Sediment  Transport:  General  Concepts 

Detailed  studies  of  fine  sediment  transport  in  other  coastal  areas 
have  shown  that  the  coastal  mud  budget  is  not  simply  a matter  of  the  sea- 
ward movement  of  river  derived  particles.  All  of  the  clay  mineral  par- 
ticles that  comprise  the  mud  deposits  of  the  New  York  Bight  apex  must 
have  been  transported  down  the  Hudson  or  Connecticut  Rivers  at  some  time, 
but  in  many  cases,  this  must  have  happened  in  the  distant  geologic  past. 
Suspended  fine  sediment  is  presently  being  Introduced  into  the  Bight  apex 
from  the  mouth  of  the  Hudson  River,  but  the  volume  of  throughput  is 
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probably  small  relative  to  the  traffic  on  the  numerous  feedback  loops  of 
the  transport  system  (fig.  2.22). 
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Figure  2.22.  Schematic  representation  of  suspended  fine  sediment  trans- 
port system  of  New  York  Bight  apex.  P-gc7iocline  is  zone  of  rapid  ver- 
tical change  in  water  density  between  lighter  (warmer,  fresher)  upper 
water  and  denser  (cooler,  saltier)  lower  water. 


The  basic  feedback  loop  is  driven  by  the  two-layered  (estuarine) 
circulation,  whereby  the  less  saline  upper  water,  flowing  seaward  over 
more  saline  bottom  water,  entrains  bottom  water.  More  bottom  water  must 
therefore  slowly  flow  into  the  river  mouth  to  replace  the  water  thus  con- 
sumed. Suspended  sediment  agglomerates  may  enter  the  zone  of  maximum 
thermohaline  stratification  either  from  the  up-river  side,  with  the  tur- 
bid, brackish  surface  water,  or  from  the  sea,  with  the  turbid,  saline 
bottom  water.  In  either  case,  the  agjJlomerates  tend  to  become  caught  in 
a closed  loop,  whereby  they  rain  out  of  the  seaward-flowing  upper  water, 
into  the  landward- flowing  bottom  water,  only  to  be  re-entrained  again  in 
the  surface  water.  Other  feedback  loops  are  formed  by  exchange  of  mud 
between  the  water  column  on  one  hand,  and  sea  floor  and  coastal  (lagoon- 
al,  salt  marsh)  mud  deposits  on  the  other.  The  net  result  of  this  multi- 
cycle, fine-sediment  transport  system  is  to  maintain  relatively  high  con- 
centrations of  suspended  fine  sediment  in  the  Hudson  River  estuary  and  in 
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the  coastal  waters  of  the  Bight  apex.  These  concentrations  are  markedly 
higher  than  those  in  the  river  landward  of  the  salt  water  intrusion,  or 
on  the  shelf  seaward  of  the  zone  of  two-layer  (thermoha line)  circulation. 

This  picture  of  coastal  suspended  sediment  circulation  has  these 
significant  implications  for  the  problems  of  pollution  in  the  New  York 
Bight  apex.  First,  coastal  waters  adjacent  to  such  estuarine  systems 
tend  to  be  turbid  and  brown  whether  there  is  human  activity  in  the  area 
or  not.  Bight  apex  waters  may  conceivably  have  been  as  brown  when 
visited  by  Henry  Hudson  as  they  are  now.  Second,  the  transport  system  is 
very  nearly  an  "ergodic"  one.  In  probabilistic  terminology  this  means 
that  it  doesn't  matter  greatly  where  in  the  system  the  fine  waste  mater- 
ials are  dumped;  they  will  cycle  through  the  system  until  they  reach 
naturally  determined  reservoirs  of  long-term  storage,  or  sinks  of  perman- 
ent storage  (estuary  floor  or  shelf  floor  mud  deposits;  lagoon  floor  de- 
posits; fringing  marsh  deposits).  Third,  the  distinction  between  natural 
fine  sediment  and  dumped  sediment  tends  to  become  blurred  subsequent  to 
the  introduction  of  the  waste,  as  it  cycles  through  the  feedback  loops. 
Unstable  organic  compounds  break  down  into  more  stable  ones,  which  are 
similar  to  the  stable  residues  derived  from  the  decay  of  planktonic  life 
forms,  with  which  they  mingle.  Inorganic  particles  are  sorted  for  size, 
and  are  mixed  with  organic  particles  of  similar  size.  In  the  more  dis- 
tant parts  of  the  system,  increasingly  obscure  chemical  and  biologic 
"signatures"  must  be  sought  in  order  to  identify  the  degree  of  contam.in- 
ation,  including  those  which  are  signatures  of  materials  that  are  signi- 
ficant in  terms  of  environmental  quality  such  as  toxic  trace  metals  and 
pathogenic  micro-organisms. 

The  proceeding  analysis  suggests  that  dredge  spoil  or  sewage  sludge 
dumped  in  the  New  York  Bight  apex  may  ultimately  be  deposited,  albeit  in 
highly  dilute  form  and  with  altered  composition,  in  areas  as  far  apart  as 
the  upper  meter  of  marsh  muds  in  the  Hackensack  Marshes,  or  in  the  upper 
meter  of  lagoon  floor  muds  in  Great  South  Bay.  Some  degree  of  quantifi- 
cation of  the  coastal  mud  budget  of  the  Right  apex  may  be  a final  product 
of  the  MESA  project.  The  data  collected  to  date,  wliile  extensive,  do 
not  begin  to  permit  quantification.  The  most  salient  elements  of  the 
data  are  presented  below.  For  details,  the  reader  is  referred  to  Drake 
(197A)  . 

2.3.3  Suspended  Sediment  Transport  in  the  Bight  Apex 

Figure  2.23  presents  the  average  suspended  particulate  matter  concen- 
tration in  the  Bight  apex  during  the  fall  of  1973,  as  determined  by  Niskin 
bottle  sampling  and  filtration  (sec  Drake,  1974,  for  metliods).  The 
pattern  clearly  reflects  the  mean  circulation  pattern  as  deduced  by  the 
physical  oceanography  program  (see  sec.  1). 

Surface  water  flowing  out  of  the  Hudson  Estuary  turns  to  the  south 
and  forms  an  easily  distinguishable  turbid  current  flowing  along  the  New 
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Figure  2.23.  Above:  Total  sus:  or.ded  load  in  ”:g/liter,  at  10  rioters 

depth,  Novenber  1973.  Beloit:  JcKi^ralizea  ciraulation  pattoiri  of  the 

Neu  York  Bight  apex  as  inferr  d fror\  the  distribution  of  suspended 
sediments  during  fall,  1973.  Tasked  line,  is  mean  position  of  boundai'y 
between  more  turbid  coastal  war-.r  and  less  tiu'bid  offshore  water. 
Turbid,  brackish  surface  effluent  of  harbor  flows  down  Hew  Terse-j 
shore.  Clockuise  gyre  is  driven  by  southwesterly  drift  of  offshore 
shelf  water  and,  on  bottom,  ly  ^ha  influx  of  saline  water  into  the 
harbor.  Solid  arrows  are  cuiren.ts  that  appear  to  be  versistent . 


Jersey  coast.  If  a suspended  particulate  matter  concentration  of  > 1.0 
mg/1  is  used  to  arbitrarily  mark  the  seaward  width  of  this  current  the 
average  width  is  4 to  6 km. 

A sharp  decline  in  suspended  particulate  matter  and  a marked  composi- 
tional change  are  observed  to  the  east  of  the  Hudson  Plume;  in  fact,  the 
lowest  suspended  particulate  concentrations  in  the  area  are  observed  over 
the  north-south  trending  Hudson  Shelf  Valley.  Samples  above  the  valley 
contain  the  abundant  diatom  population  which  is  characteristic  of  central 
shelf  water,  and  chemical  analysis  indicates  that  these  samples  are  rich 
in  high  protein  phytoplankton.  In  addition,  water  in  the  channel  is  of- 
ten colder  than  water  at  the  same  depth  elsewhere  in  the  area.  These 
data  demonstrate  a northward  (upslope)  flow  of  water  from  offshore  along 
the  Hudson  Shelf  V'alley  that  is  in  part  channelized  by  the  valley.  When 
meteorological  conditions  are  appropriate  (strong  westerly  or  northwester- 
ly winds)  this  current  reaches  the  sea  surface  and  may  extend  to  within  at 
least  5 km  of  Long  Island. 

Figure  2.23  shows  that  the  Hudson  Shelf  Valley  current  turns  to  the 
northeast  as  it  approaches  the  Long  Island  shore,  and  that  it  becomes 
coupled  with,  or  entrained  by  a turbid  plume  extending  south  along  the 
eastern  margin  of  Cholera  Bank.  The  plume  is  easily  recognizable  in 
ERTS-1  images,  and  resembles  an  enormous  rip  current. 

Iron  oxide  particles  generated  at  the  acid  waste  dumpsite  provide  an 
excellent  tracer  of  the  circulation  pattern  (fig.  2.24).  The  particles 
range  in  size  from  colloidal,  yellow  filter  coatings  to  sand  sizes 
(>  62  microns)  as  orange  and  red  aggregates  having  the  appearance  of 
floccules.  X-ray  def ractograms  shot^r  no  evidence  of  crystal  structure, 
and  there  is  reason  to  believe  that  the  grains  are  a mixture  of  hydrated 
iron  oxide  and  iron  stained  plankton  debris. 

Characteristic  vertical  distributions  of  suspended  sediment  are  pre- 
sented in  figures  2.25,  2.26,  and  2.27.  Figures  2.26  and  2.27  present 
representative  examples  of  the  vertical  distribution  of  suspended  partic- 
ulate material  through  the  fall  of  1973.  The  vertical  profiles  reflect 
the  seasonal  breakdown  of  temperature  and  salinity  stratification.  In 
early  September,  botli  temperatiire  and  salinity  contribute  to  a stable 
stratification  with  a distinct,  steep,  gradient  pycnocline  between  15  and 
25  m (fig.  2.25).  The  pycnocline  during  this  period  tends  to  shoal 
toward  shore,  suggesting  a slow  upwelling  of  deeper  shelf  water.  In 
nearshore  areas  (within  5 to  7 km  of  the  coastline)  flow  of  relatively 
low  salinity  water  from  the  Hudson  estuary  and  Long  Island  inlets  pro- 
duces a 5 to  10  m thick,  low  density,  high  turbidity  surface  layer  (fig. 
2.26). 
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Fi^’ure  2.25.  Vertical  distinbution  of  total  suspended  toad  in  mg/liter. 
The  cross  section  extends  south  from  Long  Island.  The  distribution, 
showing  high  values  near  the  surface  and  very  high  values  near  the  sea 
floor,  is  typical  of  shelf  areas.  The  near  bottom  turbid  layer  has 
been  teir.cd  the  "nepheloid  layer"  and  it  is  expected  that  this  layer 
will  contain  and  transport  much  of  the  New  York  Bight  contaminants. 


Suspended  particulate  matter  is  stratified  in  response  to  this  den- 
sity layering.  Three  layers  typically  present  nearshore  (fig.  2.25)  are 
a turbid  surface  layer,  a relatively  clear  mid-water  zone  located  within 
or  below  the  shallow  pycnocline,  and  a turbid  layer  near  the  sea  floor, 
resulting  from  wave  resuspension  of  bottom  materials.  Further  seaward 
the  surface  turbid  layer  becomes  less  distinct  as  the  shallow  pycnocline 
breaks  down.  The  small  maxima  at  the  surface  in  the  offshore  parts  of 
the  area  can  be  attributed  to  plankton  production.  However,  the  signifi- 
cant near-bottom  increase  in  suspended  particulate  matter  appears  to  be  a 
permanent  feature  of  all  portions  of  the  Bight  apex.  The  near  bottom  ash 
content  of  this  material  ranges  between  40  and  84  percent  of  the  total 
weight,  and  most  of  this  material  is  probably  resuspended  Inorganic  clay 
and  silt. 

By  late  November  of  1973,  surface  water  cooling,  convective  mixing, 
and  the  effects  of  increasingly  frequent  storms  had  produced  a nearly 
homogeneous  surface  layer  ranging  from  10  to  30  m in  thickness  (fig.  2.27). 
The  vertical  distribution  of  suspended  particulate  matter  reflected  the 
weak  or  no  stratification,  with  essentially  uniform  concentrations  from 
the  surface  to  the  top  of  the  bottom  turbid  layer  at  many  stations.  Dur- 
ing the  period  of  stratification,  throughout  the  period  of  study,  the 
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■oal  profiles  of  Ivght  beam  transmtssion  and  temperature 
^ove)  and  18  during  August  27-30,  1973.  Data  from 


(1974). 


highest  concentrations  of  suspended  particulate  material  were  observed  in 
the  wave-surge  generated  bottom  turbid  layer,  and  it  is  in  this  layer  that 
the  bulk  of  the  suspended  material  is  transported. 

Grain  size  analysis  of  suspended  mineral  grains  sheds  further  light 
on  the  nature  of  particle  resuspension  and  transport.  Inorganic  mineral 
grains  typically  make  up  25  to  50  percent  by  volume  of  the  total  suspended 
matter  close  to  shore  and  near  the  bottom.  In  the  seaward  portions  of  the 
Bight  apex  and  within  clear  water  from  the  central  shelf,  the  mineral  con- 
tent is  below  5 to  10  percent. 

During  the  September  1973  cruise,  surface  suspended  sediment  was  pre- 
dominantly fine  silt  and  clay  with  1 percent  of  the  particles  larger  than 
16  microns  (fig.  2.28).  The  material  counted  as  > 16  microns  consisted, in 
nearly  all  cases,  of  aggregates  of  many  smaller  grains  bound  together  by 
amorphous  organic  matter.  The  coarsest  particles  were  found  nearest  to 
shore.  During  the  November  1973  cruise,  surface  particles  were  signifi- 
cantly coarser  than  in  September  (fig,  2,29),  and  near  bottom  samples  were 
the  coarsest  of  all  samples  studied. 


Figure  2.28.  Size  distributions  of  r'.ineral  grains  suspended  in  surfaoc 
waters  duriyig  September  16-19,  1976.  The  arguments  of  the  kistcgra.ms 
are  volume  percent  (vertical  axis)  and  m.ean  diameter  in  mici-'ons  (hoin- 
zontal  axis). 
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Figure  2.29.  Size  distributions  of  mineral  grains  suspended  in  surface 
waters  (above)  and  2 m off  the  bottom  (below)  during  November  26-29, 
1972.  Axes  of  histograms  as  in  Fig.  2.23. 


2. 3. A Suspended  Sediment  Transport  and  the  Deposition  of  Bottom  Muds 

The  pattern  of  bottom  mud  deposits  as  represented  by  figure  2.5  be- 
comes explicable  when  the  controls  of  fine  sediment  deposition  are  con- 
sidered. As  noted  by  McCave  (1972)  the  balance  between  deposition  and 
resuspension  of  bottom  muds,  resulting  in  net  aggradation  or  erosion  of 
the  bottom,  is  a function  of  the  concentration  of  suspended  sediment  and 
the  intensity  of  flow  near  the  bottom  (fig.  2.30).  Both  factors  tend  to 
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increase  exponentially  towards  shore  current  intensity  increases  because 
of  the  increasing  release  of  wave  surge  energy  as  the  sea  floor  shoals. 
Suspended  sediment  concentration  increases  because  of  the  two-layer 
estuarine  circulation  mechanism  which  tends  to  concentrate  suspended 
sediment  near  the  shore  (see  sec.  2.3.2).  Very  near  the  beach  a further 
circulation  mechanism  transpires,  whereby  the  landward  as>Tnmetry  of 
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bottom  wave  surge  causes  bottom  water  to  move  towards  the  beach,  while 
surface  rip  currents  flow  seaward  to  relieve  the  pressure  head.  This 
hydraulic  system  also  results  in  a closed  loop  of  suspended  particulate 
transport . 

Muds  accumulate  on  the  floor  of  the  Bight  apex  in  deeper  areas  such 
as  the  Hudson  Shelf  Valley,  and  the  Christ iaensen  Basin,  where  the  energy 
of  bottom  wave  surge  available  for  the  resuspension  of  fine  sediment  is 
less  intense.  However,  thin  patches  of  mud  also  tend  to  accumulate  on 
the  shoreface,  in  less  than  20  m of  water.  Here  wave  surge  is  intense, 
but  the  suspended  sediment  concentration  is  exceedingly  high,  because  of 
the  two-layer,  wave-driven  circulation.  This  circulation  tends  to  recycle 
suspended  particulate  matter  in  a zone  near  the  beach. 

The  initiation  of  a mud  patch  in  this  wave-agitated  zone  probably 
requires  a period  of  calm  sea,  when  mud  can  be  deposited  on  the  turn  of 
the  tide,  in  the  slight  depressions  associated  with  degraded  sand  waves 
or  sand  ribbons.  Such  a mud  film  will  rapidly  compact  under  its  own 
weight,  expel  pore  water,  and  will  undergo  a marked  increase  in  cohesive- 
ness, perhaps  sufficient  to  insure  its  survival  through  the  next  period 
of  intense  wave  activity.  Once  initiated,  the  growth  of  a mud  patch 
tends  to  be  self  sustaining.  With  the  initiation  of  such  a mud  layer, 
the  hydraulic  microclimate  in  the  lowest  layer  of  water  changes.  The 
flat,  microscopic  clay  particles  do  not  protrude  through  the  laminar  sub- 
layer of  the  bottom  boundary  layer  of  wave-induced  flow,  and  additional 
clay  particles  tliat  settle  into  this  laminar  sub-layer  will  tend  to  adhere 
to  the  bottom  rather  than  be  resuspended.  The  cloud  of  turbid  water 
immediately  over  the  mud  patch  tends  to  extend  beyond  the  patch,  and 
causes  its  edges  to  grow. 

Clay  patches  on  bottoms  suitable  for  their  development  do  not  mi- 
grate, but  do  wax  and  wane  in  areal  extent  in  response  to  periods  of  mild 
and  intense  hydraulic  activity.  The  scale  of  change  is  such  that  side- 
scan  profiles  reoccupied  on  a quarterly  basis  in  zones  of  patchy  bottom 
show  almost  no  continuity  of  pattern  (fig.  2.15).  In  the  nearshore  zone, 
such  mud  patches  tend  to  be  small  in  extent  (usually  less  than  10  m in 
diameter  and  less  than  15  cm  thick).  Systematic  SCUBA  dives  performed 
during  early  July  197A,  seaward  of  the  surf  off  Long  Beach,  Long  Island, 
suggest  that  such  small  mud  patches  are  very  abundant  in  terms  of  absolute 
num.bers,  although  still  occupying  much  less  than  10  percent  of  the  bottom. 
The  sample  pattern  of  figure  2.5  is  too  coarse  to  clearly  resolve  the  dis- 
tribution of  mud  patches  which  are  both  more  abundant  and  smaller  than 
shown  in  figure  2.5. 

A parenthetic  note  concerning  the  color  of  shelf  floor  muds  is  in 
order  here.  Shelf  floor  muds  are  invariably  enriched  in  organic  matter, 
as  a consequence  of  hydraulic  sorting  processes,  which  tend  to  group  finely 
divided  clay  particles  with  comminuted  organic  matter.  Clays  also  charac- 
teristically contain  about  5 percent  by  weight  of  iron  oxide.  These  two 
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components  are  responsible  for  the  color  of  shelf  mud.  Characteristically 
a shelf  mud  is  veneered  by  a thin,  oxidized  "brown  layer"  pigmented  by 
Fe^Oj.  Depletion  of  oxygen  by  decaying  organic  matter  several  millimeters 
below  the  water-sediment  interface  results  in  a black  color  which  is  due 
to  carbonaceous  organic  material.  This  color  pattern  is  characteristic  of 
muds  on  totally  unpopulated  coasts  as  well  as  highly  populated  ones. 

Mud  patches  on  the  Long  Island  coast  may  or  may  not  be  highly  contam- 
inated with  sewage  sludge,  but  gross  color  and  texture  are  no  guides. 

Terms  such  as  "sludge",  "black  greasy  stuff",  "like  black  mayonnaise"  do 
not  indicate  whether  the  organic  admixture  consists  of  degraded  planktonic 
material  of  natural  origin,  or  of  human  waste. 

It  is  possible  to  make  some  order- of- magnitude  calculations  with 
respect  to  the  vexing  problem  alluded  to  earlier,  namely  the  relative 
roles  of  natural  materials  and  introduced  materials  in  the  fine  sediment 
dispersal  system  of  the  Bight  apex  (Drake,  1974),  based  on  tlie  data 
collected  in  the  fall  of  1973.  The  calculations  attempt  to  determ.ine  the 
amount  of  fine  sediment  entrained  during  the  storm  of  November  26  to  27. 
They  assume  that  the  concentrations  of  suspended  material  observed  from 
the  beginning  of  September  through  November  9 were  characteristic  of  the 
fair  weather  regime.  It  is  further  assumed  that  contribution  of  "new" 
material  from  land  and  plankton  production  were  constants.  This  is  un- 
likely. However,  microscope  analysis  of  filters  indicates  that  the 
plankton  standing  crops  in  September-October  were  higher  than  in  November; 
hence  the  "excess"  turbidity  measured  in  late  November  is  underestimated 
rather  than  overestimated.  The  late  November  storm  involved  high  velocity 
winds  (20  to  30  knots)  but  no  coastal  precipitation;  hence  a constant  dis- 
charge from  the  Hudson  estuary  may  be  assumed. 

Using  all  data  for  the  fall  surveys  (Drake,  1974),  tlie  mean  dif- 
ference in  suspended  particulate  matter  for  the  apex  water  vol\ime  between 
the  first  four  surveys  and  the  survey  of  November  26  to  30  is  approxi- 
mately 0.5  mg/1.  This  omits  the  poorly  known  concentrations  in  the  near 
bottom  zone  (0  to  5 m above  the  bottom),  and  therefore  is  a conservative 
estimate.  The  volume  of  the  Bight  apex  included  within  our  station  grid 
is  roughly  20  km' , w)iich  yields  a suspended  solids  "excess"  of  the  post- 
storm period  over  the  pre-storm  period  of  about  10,000  m.etric  tons, 
assuming  a particle  density  of  2.0  g/cm  . This  figure  may  be  compared 
with  the  estimated  average  daily  input  of  sewage  solids  of  750  metric  tons. 
In  other  words,  the  late  November  period  of  heightened  hydraulic  activity 
increased  the  suspended  particulate  concentration  from  an  apparent  steady 
state  condition  to  a more  intense  concentration  level  equivalent  to  the 
addition  of  12  days  worth  of  barge  dumping. 

2.3.5  Coarse  Sediment  Transport;  General  Concepts 

In  the  previous  section  it  was  pointed  out  that  the  fine  sediment 
transport  pattern  of  the  Bight  apex  is  not  simply  a matter  of  turbid  river 


88 


water  flowing  out  to  sea,  but  instead  a much  more  complex  system  in  which 
the  traffic  on  numerous  feedback  loops  may  be  much  more  voluminous  than 
the  throughput  volume. 


The  fluvial  throughput  model  of  sediment  transport  is  yet  less  appli- 
cable to  the  sand  budget  of  the  Bight  apex.  Most  estuaries  serve  as  sand 
sinks  rather  than  sand  sources  for  the  coastal  sand  budget,  and  the  mor- 
phology of  the  Hudson  estuary  mouth  suggests  that  it  is  no  exception.  The 
littoral  drift  discharge  of  both  the  northern  New  Jersey  and  Long  Island 
coastal  compartments  converges  on  the  estuary  mouth  (figs.  2.31,  2.32). 
Here  the  sand  accumulates  in  a massive  sand  shoal  filling  the  estuary 
mouth.  Such  estuary  mouth  shoals  tend  to  be  stabilized  by  the  interdlg- 
itation  of  ebb-dominated  and  flood-dominated  paths  of  tidal  flow. 


Figure  2.31.  Schematic  representation  of  pro- 
bable pattern,  of  coarse  sediment  exchange  in 
New  York  Bight  apex.  Compare  with  figure 


2.22. 
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figure  2.32.  Probable  sense  of  net  coarse  sedznent  transport,  as  in- 
ferred from  topography  (fig.  2.1),  (including  detailed  maps  of  hjarbcr 
mouth),  from  grain  size  distribution  (fig.  2.6),  and  from  bedform  pat- 
terns (fig.  2.20).  Coarse  sedimeyit  transport  is  storm-driven,  and  the 
infei'red  patteryi  differs  markedly  from  that  for  fine  sediment  transport 
(Compare  with  fig.  2.23.) 


The  main  source  of  sand  for  the  coastal  sand  budget  is  instead  the 
eroding  shoreface  and  inner  shelf  surface.  This  surface  is  presumably 
attempting  to  develop  the  ideal,  concave  up,  exponentially  curved  surface 
in  response  to  the  present  hydraulic  regime.  However,  the  ideal  surface 
toward  which  the  actual  shelf  surface  is  trending  is  net  a stationary 
one,  but  one  which  is  slowly  translating  upwards  and  landwards  in  response 
to  the  slow  post-glacial  rise  in  sea  level  (fig.  2.33).  The  actual  sur- 
face, in  attempting  to  follow  this  ideal  surface,  must  release  sand  by 
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shoreface  erosion  during  storm  flows  and  redistribute  the  sand  over  the 
adjacent  shelf  surface.  Although  no  direct  evidence  is  yet  available, 
such  redistribution  must  occur  during  periods  of  intense  easterly  winds. 
During  such  periods  water  is  driven  against  the  coast.  The  excess  pres- 
sure head  may  be  relieved  by  means  of  a downwelling  coastal  jet  whose 
bottom  water  sweeps  sand  down  coast  and  seaward.  Circumstantial  evidence 
for  such  flows  occurs  in  the  form  of  patches  of  sand-waves  (figs.  2.9, 
2.13),  oriented  oblique  to  the  coast,  which  are  most  clearly  defined  in 
early  spring,  and  which  tend  to  be  obliterated  by  the  end  of  summer. 

During  such  peak  flow  events  the  Bight  apex  gyre  probably  does  not 
function,  and  the  flow  trends  instead  west  and  south  through  the  apex. 
This  spasmodic,  high  intensity  flow  field  rather  than  the  fair  weather 
flow  field  is  probably  responsible  for  the  bedform  patterns  of  figure 
2.9,  which  may  constitute  a time-averaged  response  to  such  flows.  It  is 
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probably  also  responsible  for  the  distribution  of  sand  grain  sizes  of 
figure  2.5.  The  coarse,  gravelly  sands  of  inner  Cholera  Bank  and  the  New 
Jersey  Platform  may  be  lag  concentrates  beneath  zones  of  flow  constriction 
and  acceleration  during  storms,  where  finer  sands  may  be  swept  away  to  be 
deposited  in  such  probable  zones  of  flow  expansion  and  deceleration  as 
the  shelf  valley  and  the  Christiaensen  Basin.  Circumstantial  evidence 
for  such  a sand  dispersal  pattern  may  be  seen  in  the  sub-bottom  profiles 
of  figure  2.2.  These  clearly  indicate  that  the  ancestral  subaerial  valley 
has  undergone  appreciable  filling,  and  that  the  filling  has  been  asymmet- 
rical, occurring  mainly  on  the  east  side.  The  highly  sandy  nature  of 
the  muds  of  the  shelf  valley  and  the  Christiaensen  Basin  attest  to  the 
efficiency  of  these  topographic  features  as  sand  traps.  It  must  be  recog- 
nized, however,  that  much  of  the  infilling  of  these  features  may  have  been 
accomplished  by  the  littoral  sand  discharge  of  the  retreating  Long  Island 
coastline  into  the  retreating  Hudson  estuary  mouth.  The  persistence  of 
these  topographic  features  indicates  that  the  rate  of  coast-wise  sand 
flux  has  not  been  high  enough  relative  to  the  rate  of  sea  level  rise  to 
fill  the  lows  completely  in  the  millenia  since  transgression.  The  in- 
tense northward  flows  recorded  in  the  shelf  valley  (see  section  1)  may 
have  played  a role  in  keeping  the  shelf  valley  open. 

2.3.6  Coarse  Sediment  Transport  in  the  Bight  Apex 

An  Intensive  program  of  computations  is  underway  to  convert  current 
meter  data  into  estimates  of  rates  and  directions  of  sand  flux  in  the 
Bight  apex.  The  calculations  will  be  calibrated  by  independent  estimates 
attained  at  key  points  by  the  release  of  relatively  long-lived  (3-month 
working  period)  radioisotope  tracers.  The  following  is  a preliminary 
statement  of  approach,  together  with  some  preliminary  data. 

The  initiation  of  coarse  sediment  movement  has  been  extensively 
studied  in  the  last  three  decades,  and  the  flow  velocity  requisite  for 
varying  grain  densities,  bed  configurations,  and  water  viscosities  is 
generally  understood.  Figure  2.34,  shows  threshold  velocities  for  a 
smooth  bed  of  quartz  sand,  from  information  developed  by  Shields  and 
published  by  Graf  (1971)  and  subsequent  workers.  A band  rather  than  a 
single  line  is  presented  because  of  uncertainties  in  resolving  the  velo- 
city profile  of  the  boundary  layer  that  are  beyond  the  scope  of  this  re- 
port. A representative  threshold  curve  is  close  to  but  slightly  below 
the  upper  margin  of  the  band.  For  a rippled  bed  whose  corrugated  surface 
has  developed  resistance  to  flow,  the  curve  should  be  near  or  slightly 
above  the  upper  margin  of  the  band.  In  general,  the  minimum  velocity 
threshold  for  grain  motion  is  approximately  30  cm  sec" ^ for  fine  sand, 
and  slightly  higher  for  coarser  grades. 

In  order  to  appreciate  the  significance  of  this  number,  the  reader 
should  review  the  velocity  records  described  in  section  1.  During  the 
fall  of  1973,  peak  flows  regularly  attained  velocities  of  50  cm  sec" ^ 
at  mid-depth. 
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Figure  2.34.  Curves  for  threshold  of 
graifi  trar.sport  at  different  >j.3tiriatei' 
of  drag  ooeffieient  (C).  Based  on 
uork  of  Shields  (Sraf,  1J71). 


The  first  attempt  to  independently  measure  coarse  sediment  flux  by 
means  of  radioisotope  tracers  was  undertaken  in  November  1973,  usinR  the 
radioisotope  sand  tracer  (RIST)  system  developed  by  Oak  Ridge  National 
Laboratory  and  the  Coastal  Engineering  Research  Center  (Duane,  1970). 

Sand  from  the  Bight  apex  was  impregnated  with  a radioisotope  of  gold, 
with  an  8-day  effective  working  period  (approximately  3 half-lives). 

The  experiment,  undertaken  A km  off  the  New  Jersey  coast  in  30  m of  water, 
corroborated  our  estimate  of  threshold  velocities  and  supported  the  hypo- 
thesis that  sand  transport  occurs  mainly  under  severe  storm  conditions. 
Bottom  currents  measured  coincidentally  with  the  experiment  show  a north- 
northeast  residual  current  superimposed  on  a relatively  strong  tidal  flow. 
Peak  current  velocities  measured  at  100  cm  from  the  bottom  were  on  the 
order  of  35  cm  sec~^,  just  sufficient  to  initiate  sand  transport,  and 
Insufficient  to  move  appreciable  quantities.  Figure  2.35,  shows  contours 
of  observed  radiation  on  the  final  survey  day.  Caution  must  be  used  in 
interpretation  of  the  figure  because  of  the  contouring  algorithm  employed. 
However,  the  lower  left  hand  dispersal  pattern  displays  a very  limited 
dispersal  to  the  north-northeast. 

In  April  1974,  sand  labeled  with  an  isotope  of  Ruthenium  (120-day 
effective  working  period)  was  released  on  the  crest  of  Cholera  Bank. 

Figure  2.36  presents  the  time  development  of  the  pattern  through  two  sur- 
veys undertaken  3 weeks  apart.  Sand  from  the  drop  sites  was  transported 
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first  to  the  east  and  then  to  the  west.  In  response  to  coast  parallel 
flow,  modulated  by  tidal  currents  peaking  at  30  to  40  cm  sec" 

The  dispersal  patterns  of  radioisotope  deployment  will  serve  as  the 
basis  for  mass  balance  calculations,  which  will  be  compared  with  theoret- 
ical sand  discharges  calculated  from  current  meter  records.  Simultaneous 
deployments  of  radioisotope  tracers  and  current  meters  are  planned  for  the 
winter  months  of  peak  water  flow. 


2.4  APPLICATION  OF  SEDIMENT  TRANSPORT  DATA  TO  THE 
PROBLEM  OF  SEWAGE  SLUDGE  DISPOSAL 

The  preceeding  sections  have  described  the  natural  system  of  sedi- 
ment transport  and  deposition  in  the  Bight  apex.  Although  the  data  are 
Incomplete  and  only  partly  processed,  it  is  possible  to  draw  the  follow- 
ing inferences. 

2.4.1  Pattern  of  Waste  Dispersal 

Suspended  solids  concentrations  in  the  lower  one-third  of  the  water 
column  surrounding  the  dredge  spoil  and  sewage  sludge  dumpsites  are  30  to 
50  percent  higher  than  would  be  expected  if  no  dumping  were  occurring. 
Existing  data  do  not  permit  distinguishing  of  dredge  spoil  from  sewage 
sludge.  Quantitative  measurement  of  these  components  in  natural  sus- 
pended material  requires  identification  of  the  chemical  signature  of  sew- 
age sludge. 

The  dispersal  of  easily  identifiable  red  iron  hydroxide  particles 
from  the  acid  waste  dumpsite  (figure  2.24)  indicates  entrainment  of  these 
particles  in  the  clockwise  circulation  pattern  (figure  2.23).  There  seems 
to  be  no  question  that  material  from  all  of  the  dumpsites  is  being  trans- 
ported by  this  clockwise  gyre  toward  the  Long  Island  shore. 

Suspended  solids  concentrations  (biogenic  remains  and  mineral  par- 
ticles) are  naturally  high  and  quite  variable  within  10  km  of  both  the 
Long  Island  and  New  Jersey  shores  (figure  2.23).  This  material  is  com- 
posed of  both  living  and  non-living  plankton  and  terrigenous  minerals 
that  are  supplied  by  the  Hudson  River  estuary,  by  inner  shelf  currents 
moving  westward  along  Long  Island,  by  tidal  exchange  with  the  shallow 
lagoons  behind  Long  Island's  barrier  islands,  and  by  in  situ  plankton 
production.  Microscopic  analysis  shows  that  suspended  solids  at  all 
water  depths  within  15  km  of  Long  Island  during  the  fall  of  1973  contained 
only  trace  amounts  (much  less  than  1 percent  by  grain  count)  of  processed 
cellulose  (assumed  to  be  disintegrated  toilet  paper)  and  the  black  soot 
particles  that  are  characteristic  of  suspended  solids  samples  collected 
from  the  near  bottom  water  of  the  sewage  sludge  dumpsite.  It  is  clear 
that  the  sewage-related  materials  that  move  in  suspension  are  tremendously 
diluted  by  natural  particles  during  transport  northward  toward  Long  Island. 
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2.4.2  Bottom  Muds  Versus  Sewage  Sludge  Beds 


A major  conclusion  derived  from  our  initial  data  is  that  the  entry 
of  sewage-related  materials  into  natural  bottom  deposits  is  a subtle  pro- 
cess indeed.  These  materials  are  too  fine  and  mobile  to  pile  up  and  re- 
main on  the  bottom  at  the  dumpsite.  It  is  significant  that  the  sea  floor 
at  the  dumpsite  consists  predominantly  of  bare  sand.  Patches  of  mud, 
whether  natural  or  sewage-related  are  thin,  small,  and  infrequent.  The 
locus  of  organic-rich  muds  deposition  appears  to  coincide  precisely  with 
the  contours  of  the  Christiaensen  Basin.  This  basin  lies  between  the 
designated  dumpsite  and  the  mouth  of  New  York  Harbor,  and  the  high  con- 
centrations of  organic  carbon  described  in  section  3 may  be  the  conse- 
quence of  short  dumping.  However,  our  analysis  of  the  fine  sediment  trans* 
port  system  indicates  that  the  bulk  of  the  sewage  sludge  will  wind  up  in  * 
this  zone  of  natural  fine  sediment  deposition  no  matter  where  it  is  dumped 
in  the  Bight  apex. 

To  better  define  the  distribution  of  sewage-derived  particulate  mater- 
ials that  are  being  deposited  in  the  Bight  apex,  13  bottom  samples  were 
separated  into  light  and  coarse  fractions,  filtered  onto  membrane  filters, 
and  microscopically  examined  for  artiticial  contaminants.  Three  samples 
were  from  the  Christiaensen  Basin  muds  immediately  northwest  of  the  sewage 
sludge  dumpsite;  four  wete  from  mud  patches  within  5 kn.  of  the  I-ong  Island 
shore;  four  were  from  browTi  muds  near  the  New  Jersey  coast,  and  two  were 
from  muds  inside  Jones  Inlet.  The  results  are  presented  in  Table  2.2. 

These  data  suggest  the  following  conclusions.  The  muds  off  Long 
Island  are  predominantly  natural  in  origin  and  contain  at  most  only  2 to 
3 percent  of  sewage-dei ived  particles.  Muds  from  other  areas  contain 
more  solid  material  attributable  to  man  than  do  the  black  muds  from  the 
Long  Island  shore.  The  relatively  large  amounts  from  the  New  Jersey 
Platform,  for  instance,  are  probably  derived  from  the  Hudson  River  out- 
flow. 

There  is  no  material  on  the  floor  of  the  New  Y’ork  Bight  apex 
that  has  been  clearly  identified  as  sewage  sludge  (predominantly  sewage- 
derived  material)  , although  the  muds  of  the  Christiaensen  Basin  are  pro- 
bably significantly  contaminated,  and  may  locally  contain  more  contamin- 
ant tnan  natural  materials.  No  front  of  sewage  sludge,  or  of  any  other 
material  was  observed  moving  towards  tlie  Long  Island  shore.  The  dimen- 
sions of  muddy  areas,  and  the  boundaries  between  sand  areas  and  miid  areas 
probably  shift  with  the  passage  of  the  seasons.  Nearshore  mud  patches 
appear  and  disappear 

Microscopic  examination  of  samples  from  nearshore  mud  patches  do  not 
reveal  indicators  of  contamination  in  significant  quantities.  However,  it 
is  not  possible  to  resolve  toxic  trace  metals  or  pathogenic  microorganisms 
by  microscopic  methods,  and  these  materials  are  potentially  more  mobile 
and  transportable  than  the  observed  cellulose  fibers  and  soot  particles. 
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Table 
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Pavticle  Count  Analysis  of  Contamination  of  Bight  Apex  I-hids 


Natural  Mineral  and  Artificial* 

Biogenic  Grains  Grains 

(%  by  grain  counts  per  250  grains) 


Near  Dumpsite  Samples  (3  samples) 


Coarse  fraction 

89^ 

11% 

Fine  fraction 

84% 

16% 

Long  Island  Shore  (4  samples) 
Coarse  fraction 

97.6% 

2.4% 

Fine  fraction 

>99.0% 

<1,0% 

New  Jersey  Platform.  (4  samples) 
Coarse  fraction 

96.8% 

3.2% 

Fine  fraction 

96.7% 

3,3% 

Jones  Inlet  Muds  (2  samples) 
Coarse  fraction 

97.8% 

2.2% 

Fine  fraction 

98.6% 

1.4% 

*Processed  cellulose  fibers  (mainly  toilet  paper)  and  soot-like  particles. 
The  latter  are  a significant  component  of  sediments  on  the  northwest  side 
of  the  dumpsite  but  may  be  derived  from  other  waste  dumping  in  the  New 
York  area. 
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3.  CHEMICAL  AND  GEOCHEMICAL  OCEANOGILXPHY  OF  THE  NEW  YORK  BIGHT  APEX 
REGION  AS  IT  PERTAINS  TO  THE  PROBLEM  OK  SEWAGE  SLWIGE  DISPOSAL 


Douglas  A.  Segar,  Patrick  Hatcher,  George  A.  Berberian 
Larry  E.  Keister,  Maxine  Weiselberg 

3.1  INTRODUCTION 

The  following  is  a summary  of  the  New  York  Bight  ecosystem  chemis- 
try as  it  relates  to  understanding  the  disposition  of  sewage  sludge 
barged  and  dumped  into  the  ocean  about  16  km  south  of  Long  Island  and 
13  km  east  of  New  .Jersey.  Three  basic  questions  are  of  concern;  Is 
sewage-derived  material  approaching  tlie  Long  Island  beaches?  Is  the 
material  reportedly  found  near  the  beaches  derived  from  the  barge-dumped 
sewage  sludge?  Does  any  such  material  exist  at  high  concent ra t ions  so 
as  to  be  a significant  contaminant  in  the  marine  environment?  Unequivo- 
ca  1 answers  are  not  possilile  at  this  time.  However,  the  available  evi- 
dence is  reviewed  in  the  context  of  these  questions. 

3.2  WA.SIE  DISI’O.SAL 

1.2.1  Contaminants  Introduced  into  the  New  York  Bight 

Sewage  sludge  is  not  tlie  only  contaminant  being  released  into  the 
New  York  Bight.  Otlier  mater  i.ils  such  .ts  dredge  spoil  and  acid  wastes 
are  dumped  at  sites  close  to  that  of  tlu'  sewage  sludge  dumping.  Both  of 
these  materials  can  contain  large  amounts  of  trace  metals.  The  dredge 
spoil  often  contains  largi’  quantities  of  organic  matter,  much  of  which 
is  derived  from  sewage  introdiued  directly  into  estuaries  from  which  the 
spoil  is  removed.  In  addition,  a multiplicity  of  point  sources  ranging 
from  the  Hudson  estuary  to  the  .smallest  drainage  ditch  introduce  many 
contaminants  into  the  Bight.  Contaminants  contained  in  such  outfalls 
include  a spectrum  of  organic  compc'unds,  trace  metals,  and  suspended 
materials,  including  treated  and  untreated  sewage. 

3.2.2  Compos  itii>n  of  Sewage  Sludge 

Raw  sewage  reaching  the  treatment  facility  originates  from  a variety 
of  sources,  principally  domestic  human  and  kitchen  wastes,  industry,  and 
commercial  establ islmients . Primary  sewage  treatment  involves  degritting, 
grease  and  scum  remi'val,  and  then  clarification  by  sedimentation.  The 
clarified  waste  water  is  then  pumped  off  and  the  remaining  thickened 
sludge  disposed  of  by  dumping.  Seiondary  treatment  usually  consists  of 
aeration  of  the  clarified  waste  water  from  the  primary  treatment  together 
with  the  addition  of  some  of  the  sludge  to  supply  biologi,.al  activators. 
The  resulting  products  are  then  disposed  of  as  with  primary  treatment. 
Chlorination  is  frequently  used  at  one  or  more  stages  of  those  processes. 
In  New  York  the  resulting  sludge  slurry  is  barged  to  the  ocean  disposal 
site . 


Sewage  sludge  is  an  extremely  heterogeneous  material  comprising 
amorphous  organic  aggregates  but  including  such  identifiable  material  as 
tomato  and  melon  seeds,  human  hair,  and  fragments  of  rubber  and  plastic. 

Organic  matter  in  sewage  sludge  has  not  yet  been,  and  probably 
never  will  be  totally  characterized;  however,  some  major  constituents 
have  been  identified  (Hunter  and  Heukelekian,  1965;  Gross,  1972;  Walter, 
1961).  Total  organic  carbon  usually  accounts  for  20Z  to  40Z  of  the  dry 
weight  of  solids.  Proteins  and  carbohydrates  compose  around  20%  and 
10%  of  dry  weight  respectively.  One  constituent  of  tlie  sludge  is  cellu- 
lose fibers  originating  primarily  from  paper  products.  Other  minor  com- 
ponents are  amino  sugars,  soluble  acids,  fats,  anionic  detergents, 
hydrocarbons,  and  amides,  all  together  composing  less  than  10%  of  the 
dry  weight  of  solids.  Recently  Kolattukudy  and  Purdy  (1973)  identified 
a biopolvTner  called  cutin  as  a significant  component  of  sewage  sludge. 
This  biodegradation. resistant  polvancr  is  derived  from  the  cuticle  waxes 
of  most  staple  vegetables.  Also,  associated  with  the  solid  sludge 
material  are  bacterial  and  fungal  populations,  and  trace  metals  origi- 
nating both  in  domestic  and  non-domestic  wastes.  Dissolved  trace  metals 
and  organic  compounds  released  into  the  sewage  system  may  be  at 
least  partially  scavenged  from  solution  by  the  solid  materials  during 
the  sewage  transportation  and  tre; ment  process. 


1.2.3  Fate  of  Sewage  Sludge  After  Dumping  into  the  Ocean 

When  sewage  sludge  is  released  into  sea  water,  the  new  chemical 
environment  causes  rapid  chemical  alteration  of  the  sludge.  The  nature 
and  extent  of  such  transformations  have  not  been  c.tudied  in  detail.  In 
addition,  sludge  material  undergoes  biological  and  physical  changes. 
Certain  microbial  species  in  sewage  experience  a hostile  environment  and 
eventually  die  out.  These  are  subsequently  replaced  by  marine  microbes. 
Physical  fractionation  occurs  due  to  the  wide  range  of  densities  and 
sizes  of  particles  introduced  to  the  water  column.  The  range  of  particle 
sizes  dumped  changes  as  the  electrolyte  action  of  sea  water  permits  the 
aggregation  of  small  particles  to  form  larger  clumps.  The  physical 
separation  of  fractions  of  the  sludge  is  important  for  determining  both 
the  initial  sedimentation  site  and  any  subsequent  resuspension,  trans- 
port, and  redeposition. 

Physical  transport  of  material  in  the  New  York  Bight  apex  is  dis- 
cussed in  more  detail  in  sections  1 and  2.  However,  it  is  relevant  to 
point  out  that  different  types  of  material  may  be  deposited  and  trans- 
ported in  very  different  patterns.  Therefore,  it  is  not  possible  to 
delineate  the  ultimate  distribution  of  sewage  sludge  per  £e  from  the 
observed  distribution  of  any  one  of  its  component  parts.  For  example, 
distributions  of  tomato  seeds,  hair,  and  cellulose  particles  may  be 
totally  different  even  though  they  are  all  derived  from  the  same  barge. 
This  problem  is  further  complicated  by  the  fact  that  different  fractions 
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of  the  sludge  will  be  subjected  to  degradation  and  transformation  to 
materials  which  may  be  physically  indistinguishable  from  the  naturally 
occurring  sediments  or  dissolved  components.  Additionally,  the 
different  fractions  may  experience  different  rates  of  decomposition 
during  the  time  they  reside  in  the  marine  environment.  For  example, 
plastic  particles  may  be  transported  great  distances  over  long  periods 
of  time  while  more  easily  degradable  materials  will  be  assimilated  by  the 
ecosystem  within  a few  days  and  before  they  can  be  transported  far  from 
the  dumps ite. 

The  fate  of  sewage  sludge  dumped  into  the  oceans  is  thus  not  easily 
understood  nor  simply  described  and  is  a complex  function  of  the  physical, 
geological,  and  particularly  tlie  biological  and  chemical  forces  working 
in  different  ways  on  different  materials  witliin  the  sludge.  Ultimately 
all  of  the  materials  of  the  sludge  will  be  converted  into  chemical  forms 
which  may  be  indistinguishable  from  those  of  naturally  occurring  com- 
pounds and  solids. 

3.2.4  Methods  for  Identification  of  Sewage  Sludge  in  Marine  Sediments 

Methods  for  ident i f ica t ion  of  sewage  sludge  in  the  sediments  from 
natural  waters  are  all  dependent  upon  some  physical  or  chemical  property 
of  sludge  being  traced  to  the  site  of  deposition.  However,  as  pointed 
out,  the  distribution  of  any  one  component  of  sewage  in  bottom  sediments 
may  not  necessarily  reflect  the  fate  of  the  transported  sludge  as  a 
whole . 

Physical  properties  of  sewage  such  as  its  "black,  mayonnaisey  con- 
sistency", and  the  presence  of  human  hairs,  plastic  particles,  and 
tomato  seeds,  have  recently  been  used  in  attempts  to  define  the  bounda- 
ries of  the  so-called  sludge  bed  resulting  from  ocean  dumping  in  the  New 
York  Bight  and  other  areas.  Sediments  tliat  are  black  and  sloppy  in 
texture  usually  contain  large  quantities  of  organic  matter  which  is  fine 
grained  and  has  a density  not  very  different  from  that  of  water.  Because 
of  the  fine  grain  and  low  density,  such  sedim»>nts  are  found  to  accumulate 
in  topographic  depressions  or  in  areas  of  low  wave  and  current  energy. 
Also,  because  of  these  physical  characteristics  they  are  easily  resus- 
pended and  transported  by  the  overlying  water.  In  coastal  locations  such 
sediments  are  often  formed  naturally  from  the  detrital  organic  matter 
generated  at  the  coastline  and  by  shallow  water  plant  communities.  It 
is  likely,  therefore,  that  without  any  contribution  from  man,  pockets  of 
black  mud-like  sediments  would  occur  naturally  in  the  New  York  Bight, 
particularly  close  to  the  shore  and  to  river  and  channel  mouths. 

Presence  of  this  type  of  sediment  in  pockets  close  to  the  Long  Island 
shore  is,  therefore,  not  necessarily  related  to  the  dumping  of  sewage 
sludge  offshore.  This  is  particularly  true  when  it  is  considered  that  a 
number  of  inlets  along  the  Long  Island  shore  are  themselves  probable 
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sources  of  sewage-derived  organic  detritus. 

Slowly  biodegradable  constituents  of  sewage  sludge  such  as  tomato 
seeds  and  hair  are  not  rendered  unidentifiable  in  the  marine  environment 
until  long  after  the  other  components  of  the  sludge  are  oxidized  and 
assimilated.  They  may,  therefore,  be  transported  beyond  the  area  reach- 
ed by  the  major  proportion  of  the  sludge  and  their  distribution  will  not 
accurately  define  the  area  adversely  affected  by  the  sludge. 

Several  reports  concerned  with  the  New  York  Bight  (Gross  1969,  1970 
a,  1970  b,  1972;  Carmody  et  aj^.  , 1973)  have  discussed  the  distribution  of 
trace  metal  concentrations  in  the  sediments.  High  trace  metal  concen- 
trations have  been  observed  at  the  sewage  sludge  dumpsite.  The  concen- 
trations decrease  with  increasing  distance  from  this  area.  Although 
sediments  derived  from  sewage  sludge  contain  high  trace  metal  concen- 
trations, it  cannot  be  inferred  that  all  fine  sediments  with  high  trace 
metal  concentrations  in  the  New  York  Bight  contain  sewage  sludge.  High 
trace  metal  concentrations  (in  some  Instances  higher  than  the  highest 
observed  in  the  New  York  Bight)  are  found  in  many  fine-grained  sediments 
throughout  the  marine  environment.  Anomalously  high  local  concentrations 
have  been  observed  in  areas  where  contaminant  inputs  do  not  include 
sewage  (Segar  & Pellenbarg  1973). 

High  organic  carbon  content  of  sediments  would  give  an  indication  of 
the  presence  of  sewage  sludge,  if  the  contribution  of  organic  matter  from 
other  sources  to  the  sediments  were  negligible.  This  in  fact  is  not  the 
case,  particularly  near  the  coastline.  We  have  estimated  that  the  total 
amount  of  organic  matter  dumped  into  the  Bight  as  sewage  sludge  is  less 
than  one-half  the  organic  matter  produced  in  tlie  region  by  marine  plants. 
Therefore,  organic  carbon  contents  alone  cannot  bo  used  to  trace  the 
sewage  sludge  influence,  particularly  at  sites  far  from  the  dumpsite 
where  organic  carbon  values  are  comparatively  low  and  natural  sources  are 
signif leant . 

Nevertheless,  since  sewage  sludge  is  composed  primarily  of  organic 
materials  it  seems  logical  to  use  some  of  these  components  as  possible 
tracers.  Whatever  components  are  chrsen  as  tracers  must  ideally  be 
major  components  of  sewage,  only  slowly  biodegradable,  ana  not  found 
naturally  in  the  dumping  environment  in  any  significant  quantities.  We 
are  searching  for  specific  compounds  or  groups  of  compounds  to  act  as 
organic  tracers  and  to  enable  us  to  delineate  the  transport  patterns  and 
fate  of  sewage  sludge.  Preliminary  work  has  indicated  that  total  carbo- 
hydrates normalized  to  total  organic  carbon  may  be  used  to  obtain  a 
crude  estimate  of  the  distribution  of  sewage-derived  materials. 

Carbohydrates  derived  from  phytoplankton  are  generally  those  easily 
degraded  in  the  marine  environment.  Glucose,  fructose,  mannose,  and 
other  monosaccharides  constitute  a substantial  fraction  of  phytoplankton- 
derived  organic  matter  (Parsons  al^.  . 1961).  As  the  organisms  die  and 
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settle  to  the  sediments,  these  carbohydrates  are  preferentially  oxidized 
or  degraded  as  compared  with  more  resistant  cellulolytic  carbohydrates 
which  comprise  a small  fraction  of  phytoplankton  carboliydrates.  Carbo- 
hydrates are  therefore  rarely  retained  in  recent  sediments  comprising 
mainly  phytoplankton  remains. 

Terrigenous  organic  matter  generally  contains  a substantial  amount 
of  carbohydrates,  mainly  structural  carbohydrates  such  as  cellulose  and 
hemicellulose  (Rogers  1965).  If  we  define  the  carboliydrate/TOC  x 100 
ratio  as  R,  then  the  expected  R for  these  terrigenous  substances  is 
generally  greater  than  30.  Sewage  is  considered  a terrigenous  substance 
and,  therefore,  possesses  similar  properties.  The  organic  matter  in 
soils  derived  from  terrigenous  substances  undergoes  extensive  and  rapid 
decomposition  soon  after  it  is  deposited.  The  breakdown  of  cellulolytic 
carbohydrates  is  accelerated  as  compared  with  the  marine  environment, 
and  R decreases  rapidly  to  a value  of  generally  less  than  10.  1 lie  major 

input  of  terrigenous  organic  matter  to  the  near-shore  areas  is  derived 
from  the  leaching  of  these  low  carbohvdrate  soils  in  the  watershed. 

Since  R of  this  leached  material  is  generally  low,  and  the  contribution 
of  terrigenous  natter  to  tlie  New  York  liiglit  is  small  <Meade  1964). 
sedimentarv  contribution  of  non-sewage  terrigenous  materials  is  expected 
to  be  low. 

In  non-polliued  near-sture  sediments  K is  generally  less  than  10, 
Indicating  tliat  carbohyurati's  compiise  onlv  a sm.i  1 1 traction  of  the 
organic  matter  (Degens  ^ • % 14bl).  liven  alter  substantial  decompo- 

sition, this  ratio  remains  low  due  to  the  fact  th.it,  although  the  labile 
carbohydrates  have  long  d i s.ipjiea  red . tiie  resistant  cellulolytic  carbo- 
hydrates also  undergo  bacterial  degradation.  This  process  is  slow  but, 
nevertiu'less,  more  rapid  than  the  breakdown  of  highly  resistant  non- 
carbohytl ra t e materials  which  mav  .iccount  for  more  than  60.'  of  the 
organic  matter  [iresent.  Under  these  circumstances,  the  C./TOt  ratio 
would  be  expected  to  decrease  with  increasing  age. 

Sewage  sludge  contains  a substantial  amount  of  carbohydrate  materi- 
al (Walter,  1961),  mostly  in  the  lotm  ol  cellulose  and  hemicellulose 
(Hunter  and  Heukelekian,  1965),  both  of  which  are  resistant  to  biologi- 
cal degradation.  After  sludge  is  dumped  in  the  ocean,  it  undergoes  sub- 
stantial microbial  degradation,  both  before  and  after  it  reaches  the 
sediments.  The  amount  of  org.inic  matter  thereby  decreases.  Cellulolytic 
carbohydrates,  however,  do  not  undergo  the  equivalent  amount  of  decom- 
[)osition  in  such  a short  time  span  as  other  more  easilv  degradable 
organic  constituents  of  sewage.  iherclore  the  R would  be  expected  to 
increase  upon  r.ipid  biologic. li  degradation.  hxtrenely  high  R ratios 
might  tb.erofore  be  i luir  .ic  I er  i s t i t ot  sew.ige-der  ived  material  that  has 
been  aged  somewhat  in  the  environment. 

In  sediments  of  the  New  York  Bight.  R is  commonly  greater  than  20, 
indicating  a high  proportion  of  carbi'hydrates  relative  to  organic  matter 
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as  compared  with  other  similar  areas.  As  sewage  sludge  contains  large 
amounts  of  cellulose  and  other  resistant  carbohydrates  (R=30)  it  seems 
likely  that  these  cellulolytic  carbohydrates  have  enriched  the  sediments 
of  the  New  York  Bight.  The  non-biodegradable  nature  of  ttiese  cellulo- 
lytic carbohydrates  over  a short  time  span  allows  them  to  enrich  the 
surficial  sedimentary  organic  matter  and,  tlierefore,  reflect  a relatively 
high  C/TOC  ratio.  The  ratio  may  therefore  be  a crude  tracer  of  sewage 
derived  materials. 


3.3  PRELIMINARY  RESULTS  OF  THE  MESA  PROGILXM 
3.3.1  Water  Colui.in  Chemistry 

In  the  New  '’nrk  Bight  apex,  the  nutrients,  [nitrate  (NO3),  nitrite 
(NO2 ) , silicate  (SiO^),  and  phosphate  (PO^ ) ] , have  been  measured  at 
periodic  intervals  in  conjunction  with  a water  sampling  and  hydrographic 
program.  Additionally,  analyses  of  dissolved  and  suspended  trace  metals 
and  of  suspended  organic  matter  have  recently  been  initiated.  Nutrients 
are  released  with  most  urban  and  industrial  contaminants;  their  concen- 
tration distributions  may,  therefore,  be  related  to  the  proximity  of 
outfalls  or  dumpsites.  Their  concentrations  are  also  intimately  related 
to  biological  production  and  degradation  in  the  water.  The  distribution 
and  cycles  of  nutrients  in  an  area  such  as  ttie  New  York  Bight  are,  there- 
fore, complex  and  depend  upon  the  water  circulation  patterns  and  various 
physical,  chemical,  and  biological  reactions  between  the  diverse  com- 
ponents of  the  outfalls  and  dumps  and  the  sea  water. 

Sewage  sludge  is  generally  enriched  in  dissolved  nutrients  sucii  as 
nitrates,  nitrites,  and  phosphates  (Weinberger,  e^t  aj^.  , 19bb)  . Approxi- 
mately 5 X 10'^  tons  of  sludge  are  being  disposed  of  in  the  New  York 
Bight  annually.  This  equals  1.5  x 10*^  tons  daily,  a locally  large  volume 
of  liquid  in  the  dump  area.  As  this  sludge  is  dumped,  mixing  occurs 
rapidly  thereby  diluting  the  concentrations  of  nutrients.  In  the  im- 
mediate vicinity  of  a dump,  the  nutrient  concentrations  are  expected  to 
be  higli.  However,  as  the  sewage  sludge  liquids  mix  into  an  area  compa- 
rable to  the  MES.A  water  chemistry  grid,  the  calculated  concentrations  of 
nutrients  derived  from  sewage  sludge  decrease  significantly  to  values 
which  are  below  detectable  levels.  It  is  therefore  not  too  surprising 
to  find  that  nutrient  concentrations  in  the  Biglit  are  not  indicative  of 
sewage  sludge  disposal. 

Preliminary  analyses  of  data  from  MESA  Cruises  2 and  5 (September 
16-20  and  November  25-29,  1973),  are  presented  here.  These  cruises 
were  during  periods  of  higfily  stratified,  and  well  mixed  conditions, 
respectively.  Surface  and  bottom  nitrate  and  silicate  distributions  are 
presented  in  figures  3.1  - 3.8. 
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Figuvc  Z.  2 Distribution  of  surface  nitrate 
(ug-at/H)  measured  during  MESA  Cruise  2, 
September  26-20,  297Z. 
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Figure  3.2  Distribution  of  bottom  nitrate 
(\ig-at/l)  measured  during  MESA  Cruise  2, 
September  16-20,  2973. 


A prominent  feature  of  all  the  distributions  is  the  high  concentra- 
tions along  the  New  Jersey  coast.  This  is  probably  nutrient-rich  lower 
New  York  Bay  water  flowing  into  the  Bight,  consistent  with  other  obser- 
vations that  this  estuarine  output  flows  south  along  the  New  Jersey 
shore.  Generally  higher  concentrations  of  the  nutrients  were  found  in 
the  vicinity  of  the  sewage  sludge  dumpslte  that  is  located  close  to  the 
central  station  of  the  sampling  grid. 

During  Cruise  2,  when  the  water  was  stratified,  the  bottom  silica 
values  were  generally  anomalously  high  but  were  highest  at  the  station 
closest  to  the  sewage  sludge  dumpslte.  During  Cruise  5,  more  normal  low 
silica  concentrations  for  these  depths  were  observed  but  again  the 
bottom  concentrations  near  the  sewage  sludge  dumpslte  were  somewhat  high 
as  were  the  nitrate  concentrations.  The  distribution  of  the  other 
nutrients  was  in  agreement  with  these  observations. 

It  is  apparent  from  our  data  that  the  water  close  to  Long  Island 
normally  has  much  lower  concentrations  of  all  the  nutrients,  both  at  the 
surface  and  the  bottom,  than  water  along  the  New  Jersey  shore.  It 
appears  that  the  nutrient  distribution  in  the  water  column  is  influenced 
more  by  the  outflow  of  water  from  lower  New  York  Bay  than  by  contami- 
nation from  the  dumpsite  except  perhaps  for  silica  during  highly  strati- 
fied conditions. 

The  release  of  nutrients  from  the  dumped  sewage  sludge  does  not 
appear  to  be  a major  additive  to  the  normal  nutrient  level  occurring  in 
the  area. 


3.3.2  Sediment  Chemistry 

Bottom  sediments  of  the  New  York  Bight  collected  in  the  fall  of 
1973  have  been  analyzed  for  carbohydrates  and  for  total  organic  carbon 
(TOC).  Figure  3.9  shows  that  high  concentrations  of  organic  carbon  are 
located  primarily  in  topographic  lows.  This  is  consistent  with  the 
observation  that  coastal  marine  fine  sediments  that  settle  in  topogra- 
phic lows  elsewhere  are  generally  high  in  TOC  (Froclich,  et  aj^.,  1971). 
The  highest  concentrations  of  organic  carbon  in  New  York  Bight  sediments 
are  in  the  Christiaensen  Basin,  the  center  of  which  is  8 km  to  the  west 
of  the  designated  sewage  sludge  dumpsite.  The  highest  values  encounter- 
ed are  approximately  5%  dry  weight  TOC,  which  is  in  agreement  with 
Gross  (1970  b).  This  value  is  almost  an  order  of  magnitude  less  than 
that  for  sewage  sludge  taken  directly  from  the  municipal  sewage 
treatment  facility. 

Previous  workers  have  attempted  to  define  the  sludge  bed  extent 
using  organic  matter  concentration  distributions.  This  definition 
assumes  that  the  only  significant  source  of  i>rganic  sedimentary  material 
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In  the  New  York  Bight  is  dumped  sewage  sludge.  It  ignores  the  terri- 
genous organic  matter  input,  both  natural  and  contaminant,  and  the 
materia]  photi'synthet ical ly  produced  in  the  marine  ecosystem  itself. 

The  latter  has  been  estimated  to  be  at  least  twice  as  large  an  input  as 
the  organic  matter  in  dumped  sewage  sludge.  Even  in  the  absence  of  any 
input  from  man  it  is  probable  that  the  distribution  pattern  of  TOC  in 
the  Bight  sediments,  although  not  the  quantity,  would  be  similar  to  that 
observed  today.  The  distribution  of  TOC  in  sediments  is  inversely  re- 
lated to  particle  size  (compare  fig.  3.9  with  fig.  2.5).  Finer  sediments 
contain  more  TOC  than  do  the  coarser  sands.  This  relationship  between 
TOf:  and  particle  size  distributions  is  a normal  feature  of  all  coastal 
sediments . 


The  same  sediments  from  the  New  York  Bight,  analyzed  for  TOC  cone 
trations,  have  also  been  analyzed  for  total  carbohydrates.  The  distri- 
bution pattern  shown  in  figure  3.10,  is  similar  to  that  of  the  TOC 
concentrations.  [I'hus,  the  same  factors  that  influence  the  TOC  distri- 
bution (particularly  particle  density  and  size  distribution)  appear  also 
to  be  a major  influence  on  the  carbohydrate  distribution.] 


The  distribution  of  R,  taking  into  account  these  changes,  suggests 
that  sewage  derived  materials  are  probably  being  entrained  or  transported 
within  the  hypothesized  current  gyre  in  the  apex  (see  section  I).  The 
entrained  particles  would  be  successively  deposited  and  resuspended  by 
wave,  tide,  and  current  energy  and  would  tend  to  accumulate  in  the  topo- 
graphic lows  w!\ere  such  energy  is  at  a minimum.  There  is  such  a topo- 
graphic low  at  the  head  of  the  Hudson  Shelf  Valley  where  material  with 
high  R values  is  accumulating.  The  seaward  extent  of  the  current  gyre 
is  not  well  defined  but  R ratios  indicate  that  sewage-derived  materials 
are  being  transported  to  and  accumulating  in  the  Hudson  Shelf  Valley 
many  miles  offshore  (fig.  3.11).  It  is  not  known  how  this  material  is 
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Sewage  sludge  is  composed  primarily  of  small  particles  of  organic 
matter.  If  these  particles  accumulate  in  depressions  or  topographic 
lows,  the  resultant  mud  will  be  black  and  sludge-like  and  will  have  a 
high  organic  carbon  and  carbohydrate  content  despite  dilution  with 
naturally  occurring  fine  grained  sediment.  Where  these  particles  are 
mixed  with  sandy  or  other  coarse  inorganic  sediments,  the  resultant  mud 
may  still  be  black,  but  will  have  lower  organic  carbon  and  carbohydrate 
concentrations.  At  high  dilutions,  these  coarse  sediments  will  no  long- 
er appear  black  and  will  not  have  high  TOC  concentrations  even  though 
they  contain  sewage-derived  material.  To  determine  whether  or  not  the 
organic  matter  in  each  of  these  types  of  sediments  is  derived  from 
sewage  sludge  we  must  establish  a qualitative  measure  of  this  type  of 
organic  matter  (e.g.,  high  R). 

As  previously  stated,  it  is  reasonable  to  assume  that  the  bulk  of 
the  carbohydrates  in  these  sediments  is  oxidation-resistant  cellulolytic 
material  derived  from  sewage  although  not  necessarily  the  barge-dumped 
sewage  sludge.  Figure  3.11  shows  the  distribution  of  R in  the  New  York 
Bight  and  may  be  used  to  infer  the  relative  contribution  of  sewage- 
derived  material  to  the  organic  matter  in  sediments  at  any  location. 

The  whole  apex  area  is  enriched  in  carbohydrates  relative  to  TOC  with 
values  of  R ranging  from  20-70  compared  with  normal  coastal  sediment 
values  of  about  10.  The  higher  values  (50  and  above)  are  located  in  the 
axis  of  the  Hudson  Siielf  Valley  and  toward  the  Long  Island  shore. 

It  is  important  to  realize  that  a high  R implies,  only,  that  an 
appreciable  fraction  of  the  organic  matter  within  a sediment  sample  is 
derived  from  sewage.  If  this  same  sample  contains  very  little  total 
organic  matter  then  the  total  amount  of  sewage-derived  material  in  it 
must  be  small.  As  is  the  case  for  sediments  near  the  Long  Island  shore, 
the  TOC  or  organic  matter  content  is  generally  very  low  and  R is  high. 
Therefore,  it  follows  that  although  the  organic  matter  in  these  sedi- 
ments is  probably  derived  from  sewage,  the  total  amount  of  sewage-derived 
material  is  low.  Only  in  isolated  pockets,  where  the  TOC  is  high,  can 
the  sediments  contain  an  appreciable  fraction  of  sewage-derived  material. 

We  would  expect  R to  increase  somewhat  as  materials  are  transported 
further  from  the  dumpsite  because  of  the  increased  exposure  to  microbial 
degradation  in  the  water  column.  Comparison  of  the  R's  in  sewage  sludge 
and  in  sediments  of  the  Chrlstiaense n Basin,  whose  organic  matter  is 
believed  to  be  primarily  sewage-derived,  substantiates  the  previously 
stated  speculation  that  the  ratio  increases  upon  biodegradation.  In 
addition,  if  the  sewage  material  settles  in  a sandy  environment  as 
opposed  to  a mud  environment,  R will  probably  be  higher  because  of  the 
more  rapid  degradation  and  preferential  loss  of  non-cellulolytlc  organic 
matter  from  the  oxygenated  sands. 


transported.  The  shelf  valley  may  be  acting  as  a conduit  as  suggested 
by  the  higher  R values  observed  on  the  southern  flank  of  the  valley. 
Alternatively  the  fine  material  may  simply  be  dispersing  In  a broad 
pattern  offshore  and  accumulating  in  the  topographic  lows.  Regardless 
of  the  mechanism  involved  the  observed  distribution  strongly  suggests 
that  a significant  proportion  of  the  dumped  sewage  sludge  is  being  trans- 
ported away  from  the  coastline  into  deeper  water. 

In  addition  to  the  data  of  figs.  3.9-3.11,  samples  from  the  MESA 
substrate  monitoring  program  (locations  shown  in  fig.  3.12)  and  recently 
collected  samples  from  the  south  shore  of  Long  Island  (locations  shown 
in  fig.  3.13)  have  also  been  analyzed  for  TOC  and  carbohydrates.  Pre- 
liminary results  (Table  3.1  and  3.2)  indicate  that  pockets  of  black  mud, 
rich  in  TOC  (-5%),  do  exist  within  14  miles  of  the  Long  Island  beach. 

This  TOC  concentration  is  similar  to  that  found  close  to  the  actual  dump- 
site.  Within  one-half  mile  of  the  beach  other  pockets  of  mud  were  found 
to  contain  sediments  having  a TOC  concentration  of  approximately  2%.  The 
more  extensive  sandy  sediments  in  the  immediate  vicinity  were  observed  to 
have  a TOC  varying  from  0.04%  to  0.3%. 


Figure  3.12 
the 


SUMP  Cruise- 2 track  lines.  The  numbers  on 
lines  designate  station  positions. 


Generally,  R is  high  for  all  of  these  samples;  values  range  from 
40  to  60,  the  same  range  observed  for  samples  from  the  Christiaensen 
Basin.  Thus,  sediments  close  to  the  south  shore  of  Long  Island  contain 
organic  matter  enriched  in  carbohydrate  indicating  a probable  sewage 
source  (either  dumped  sewage  sludge  or  any  other  sewage  discharge). 

This  organic  material  has  accumulated  as  thin  layers  in  small  pockets 
admixed  with  and  covering  silicate  sands. 
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Sediments  from  Rockaway  Inlet,  East  Rockaway  Inlet,  and  Tones  Inlet 
were  also  an.'ilyzed  for  R (Table  3.2).  The  values  are  generally  low 
(~20)  within  all  the  Inlets  despite  some  high  organic  carbon  concen- 
trations. This  suggests  that  humic  materials  from  the  wetlands,  other 
natural  organic  detritus,  and  possibly  new  sewage  are  major  contributors 
to  the  organic  matter  in  the  sediments. 
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In  sunmiary,  (1)  The  R ratio  ir  the  Bight  apex,  indicates  that  non- 
biodegradable  carbohydrates,  possibly  derived  from  sewage^are  significant 
contributors  to  the  sedimentary  organic  matter.  (2)  The  apex  of  the 
Bight  seems  to  be  enriched  in  carbohydrates  (or  sewage-deriveo  materials) 
relative  to  the  TOC  as  compared  with  the  lower  Hudson  Shelf  Valley  and 
the  New  Jersey  shore.  (3)  The  dumped  sewage  sludge  undergoes  substantial 
alteration  before  and  after  settling  to  the  sediment  and/or  admixture 
with  natural  nonorganic  sediments.  This  is  indicated  by  the  large 
difference  between  the  TOC  concentrations  of  sewage  sludge  sediment  in 
the  Christ iaensen  Basin.  (4)  Isolated  pockets  of  mud  near  the  Long 
Island  shore  were  found  to  have  approximately  the  same  TOC  concentration 
and  R as  mud  from  the  Christiaensen  Basin,  an  Indication  that  the  Long 
Island  mud  is  possiblv  derived  in  part  from  sewage.  (5)  It  is  not 
possible,  using  currently  available  techniques,  to  distinguish  between 
sedimentary  organic  matter  derived  from  barge-dumped  sewage  sludge  or 
derived  from  other  sources  of  treated  or  untreated  sewage. 
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Table  3. 1 The  Organic  Chemistry  Data  for 
Sediments  Collected  on  the  SUMP  II  Cruise 


Station  // 

% Carbohydrates 

% TOC 

(Carbohydrates/TOC)  xlOO 

9 

0.160 

0.460 

35 

11 

0.26 

2.99 

42 

13 

0.413 

1.40 

30 

15 

0.283 

0.644 

44 

21 

0.948 

2.45 

39 

23 

1.025 

1.96 

52 

25 

0.997 

1.64 

61 

28 

0.731 

1.26 

58 

29 

00 

2.85 

52 

31 

2.20 

5.08 

43 

33 

1.89 

3.85 

49 

35 

1.99 

3.04 

65 

58 

0.143 

0.352 

41 

62 

0.230 

0.409 

56 

66 

0.435 

0.840 

52 

69 

0.294 

0.477 

62 

78 

0.021 

0.053 

40 

82 

0.077 

0.168 

47 

85 

0.062 

0.115 

54 

88 

0.063 

0.099 

64 
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Table  2.  2 Carbohijdrates , TOC,  and  Carbohydratce/TOC  in 
Sediment  Samples  Collected  South  of  Long  Island  (SIS) 


Station  It 

% Carbohydrates 

% TOC 

(Carbohydrates/TOC)  x 100 

2 

1, 

2 

§JI-1 

0.0089 

0.010 

0.042 

21 

24 

§JI-2 

0.014 

0.015 

0.106 

13 

14 

+ER 

0.018 

0.016 

0.089 

20 

18 

N-25 

0.029 

0.027 

0.055 

52 

49 

N-24 

0.036 

0.037 

0.083 

43 

45 

N-23 

0.154 

0.132 

0.277 

55 

48 

*N-22 

0.043 

0.044 

0.080 

54 

55 

*S-22 

0.034 

0.042 

0.083 

41 

51 

S-27 

0.322 

0.394 

0.597 

54 

66 

S-26 

0.969 

1.36 

2.28 

43 

60 

*S-24 

0.029 

0.033 

0.070 

41 

47 

S-30 

0.127 

0.142 

0.211 

60 

67 

N-  5 

0.047 

0.047 

0.088 

53 

53 

*R-24 

0.844 

0.808 

1.49 

57 

54 

R-36 

2.26 

2.17 

4.56 

50 

48 

M-  3 

0.042 

0.045 

0.085 

49 

53 

M-14 

0.419 

0.403 

0.  770 

54 

52 

*M-19 

0.086 

0.086 

0.152 

57 

57 

M-31 

0.392 

0.421 

0.712 

55 

59 

M-34 

0.088 

0.107 

0.226 

39 

47 

0-26 

0.479 

0.464 

1.20 

40 

39 

P-21 

0.896 

1.28 

2.31 

39 

55 

P-23 

2.288 

2.45 

5.21 

44 

47 

Q-30 

0.887 

1.00 

1.86 

48 

54 

Q-36 

0.083 

0.068 

0.181 

46 

38 

Q-38 

0.811 

0.813 

1.99 

41 

41 
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WATER  MOVEMENT  WITHIN  THE  APEX  OF  THE 
NEW  YORK  BIGHT  DURING  SUMMER  AND  FALL  OF  1973 


R.  L.  Charnell 
and 

D.  A.  Mayer 


An  investigation  of  the  water  movement  within 
the  New  York  Bight  Apex  was  made  during  the  summer 
and  fall  of  1973.  Observations  from  this  study 
produced  a fairly  consistent  picture  of  a general 
clockwise  circulation  for  the  mean  and  low  fre- 
quency (periods  greater  than  40  hr)  current 
motions.  Additionally,  the  effects  of  stratifica- 
tion on  the  vertical  structure  of  the  flow  showed 
the  difference  between  the  summer  and  late  fall 
flow  regimes.  There  also  appeared  to  be,  for  low- 
frequencies,  excellent  spatial  coherence  between 
stations  in  the  apex  area  and  a fairly  strong 
relation  between  meteorological  forcing  and  current 
motions;  currents  tended  to  lag  wind  by  up  to  18  hr. 

1.  INTRODUCTION 

The  Marine  Ecosystems  Analysis  (MESA)  New  York  Bight 
Project  is  currently  in  the  field  phase  of  a program  designed 
to  evaluate  changes  in  the  water  quality  of  the  region.  The 
physical  oceanographic  part  of  the  effort  is  oriented  to 
supplying  information  that  will  lead  to  understanding  the 
mechanisms  of  water  movement  and  material  dispersion  and 
eventually  will  result  in  a hierarchy  of  predictive  models 
for  use  by  coastal  cone  planners  and  managers. 

Overall  net  movement  of  water  on  the  continental  shelf 
off  southern  New  England  and  the  Middle  Atlantic  States  is 
to  the  west,  southwest,  and  south,  parallel  to  the  continental 
margin  (Bumpus,  1973).  However,  the  complete  picture  is 
quite  thoroughly  masked  by  high  spatial  and  temporal  vari- 
a b i 1 i t >■ . 

It  is  of  considerable  interest  to  understand  the  flow- 
patterns  w-ithin  what  is  commonly  called  the  apex  of  the 
New  York  Bight--the  area  within  50  km  of  the  harbor  mouth. 

The  major  dump  sites  of  metropolitan  New-  York-New-  Jersey 
are  located  in  this  zone.  However,  few-  field  data  exist 
with  which  to  construct  an  adequate  description  of  water 
movement  in  this  coastal  area.  Most  of  what  is  presently  known 
about  the  physical  oceanography  of  the  apex  is  based  in  part 
on  historic  data  collected  on  behalf  of  the  U.S.  Army  Corps  of 
Engineers  in  1969-70.  Data  include  temperature  and  salinity 
values,  recovery  information  of  surface  and  seabed  drifters, 
and  current  meter  observations.  Analysis  of  these  data  by 
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Charnell  and  Hansen  (1974)  suggests  that  the  major  features 
of  the  spatial  structure  of  circulation  that  relate  to 
disposal  of  waste  materials  in  shelf  waters  of  the  New  York 
Bight  are  as  follows: 

(a) .  In  the  immediate  vicinity  of  the  entrance  to  the 
Hudson  and  Raritan  Rivers  estuary,  the  oceanographic  regime 
is  dominated  by  discharges  from  these  rivers.  As  in  all 
such  estuaries,  there  is  a seaward  flow  of  brackish  water  in 
near-surface  layers.  At  sea,  this  discharge  turns  to  flow 
southward,  paralleling  the  New  Jersey  shoreline.  Lower  in 
the  water  column,  there  is  return  flow  of  external  water  into 
the  estuaries.  In  spite  of  its  importance  in  the  oceanographic 
and  ecological  systems  of  the  estuaries  and  bight,  this 
superposed  flow  system  is  to  be  recognized  in  measurements 
only  as  a slight  imbalance  of  the  much  stronger  ebb  and  flood 
tidal  currents  in  the  respective  layers. 

(b)  . There  is  strong  evidence  that  outside  the  region  of 
strongest  influence  of  river  effluent,  there  is  persistent 
clockwise  circulation.  In  its  most  inshore  portion,  off 

New  Jersey  and  Long  Island,  this  flow  runs  counter  to  the 
general  flow  over  the  continental  shelf  adjacent  to  this 
part  of  the  coast.  Although  its  existence  in  some  areas  of 
critical  interest  relative  to  ocean  dumping  is  strongly 
supported  by  historic  data,  its  horizontal  extent  and  vertical 
structure  are  imperfectly  known  at  present. 

This  picture,  which  represents  present  understanding  of 
apex  water  circulation,  is  inadequate.  Consequently,  first 
efforts  of  the  MESA  New  York  Bight  Project  were  designed  to 
supply  data  from  fixed-level  current  meters  to  improve  under- 
standing of  this  aspect  of  the  physical  oceanography.  Structure 
of  spatial  variability  of  the  kinematics  within  the  New  York- 
New  Jersey  area  has  been  the  prime  focus  of  the  current  ob- 
servation; temporal  variability  seriously  complicates  this 
investigation.  This  report  summarizes  results  obtained  from 
the  first  two  phases  of  the  current  meter  measurements  which 
were  conducted  from  August  through  December  1973. 

2.  DIRECT  CURRENT  MEASUREMENTS  IN  NEW  YORK  BIGHT  APEX 

During  the  first  field  year  of  the  MESA  New  York  Bight 
Project,  a major  effort  was  made  to  collect  background  data  on 
water  movement  in  the  apex.  Measurements  were  made  to  pro- 
vide data  on  mean  currents  as  well  as  temporal  and  spatial 
variations  in  circulation  in  the  region  surrounding  the 
dumpsites.  One  objective  of  the  current  meter  array  was  to 
provide  data  to  test  the  hypothesis  of  clockwise  circulation  in 
the  apex.  To  meet  these  objectives,  the  main  placement  of 
recording  current  meters  occurred  in  transects  perpendicular 
to  the  New  York  and  New  Jersey  shores.  Current  meter  stations 
were  also  placed  (a)  in  the  Sandy  Hook-Rockaway  transect; 

(b)  adjacent  to  Long  Island,  east  of  the  main  set  of  stations; 
and  (c)  about  55  km  southeast  of  the  harbor  mouth.  A summary 
of  station  locations  and  designations  is  given  in  figure  1. 
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The  numbers  within  parenthesis  adjacent  to  some  of  the 
station  designations  indicate  the  number  of  current  meters 
placed  at  each  station;  B indicates  a bottom  meter  placed 
approximately  100  cm  above  the  bottom. 

Aanderaa  model  RCM-4,  internally  recording  current  meters, 
were  used  exclusively  in  this  program.  For  these  measurements, 
a 10-min  sampling  interval  was  used.  With  the  exception  of 
stations  having  a single  current  meter,  the  stations  were  of  the 
taut-wire,  subsurface-float  design.  A sketch  of  a typical 
mooring  is  in  figure  2.  On  several  stations,  a current 
meter  was  placed  so  that  the  rotor  was  1 m above  the  bottom. 

For  this  purpose  a modified  version  of  the  standard  Aanderaa, 
called  an  inverted  meter,  was  used. 

The  array  of  stations  was  occupied  twice  during  the 
last  half  of  1973:  Phase  I.  August-September ; and  Phase  II. 

October-December . Maximum  period  of  sampling  for  each  phase 
was  about  45  days.  Near  the  end  of  Phase  I,  station  ST-4  was 
placed  near  the  sewage  sludge  dumpsite  and  obtained  a 
2-week  record  concurrent  with  the  main  array.  Table  I summa- 
rizes mooring  information  and  record  lengths  for  acceptable 
observations  made  during  these  two  phases.  Station  R was 
deployed  in  support  of  a Radio  Isotope  Sand  Tracer  (RIST) 
study  conducted  in  November.  The  RIST  study,  conducted  by  the 
Marine  Geology  and  Geophysics  Laboratory  of  AOML , is  described 
elsewhere  (Swift  et  al_.  , 1975)  , but  the  current  meter  record 
has  been  included~Tn  the  present  analysis. 

3.  CURRENT  METER  DATA 
3.1  Phase  I Environmental  Conditions 

Phase  I observations  were  made  during  late  summer,  a 
period  during  which  apex  water  historically  is  strongly 
stratified  (Charnell  and  Hansen,  1974).  As  part  of  this 
program,  two  cruises  for  collecting  water  column  data  at  25 
stations  were  made  while  the  Phase  I stations  were  occupied. 

The  salinity-temperature-depth  (STD)  data  from  these  cruises 
(Hazelworth  et  a^.  , 1974)  show  that  a strong  pycnocline,  due 
primarily  to~Fhermal  stratification,  existed  about  midway  in 
the  water  column;  there  was  a progression  from  multilayer 
structure  at  the  beginning  of  Phase  I to  two  well-defined 
layers.  The  majority  of  current  meter  data  collected  as 
part  of  Phase  I was  obtained  from  the  lower  portion  of  the 
water  column. 


3.2  Phase  II  Environmental  Conditions 

Phase  II  current  measurements  were  begun  in  late  October 
and  completed  early  in  December.  For  these  observations, 
several  stations  were  added  to  the  Phase  I array  to  increase 
measurement  density  in  those  transects  perpendicular  to 
Long  Island  and  to  the  New  Jersey  coast. 
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Figure  2.  Standard  mooring  system. 
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Observations  made  during  Phase  II  occurred  after  the 
apex  water  had  reached  a nearly  homogeneous  condition,  in- 
dicative of  winter  character.  Historical  data  suggest  this 
breakdown  of  stratification  occurs  early  in  October  and 
homogeneous  conditions  exist  until  January  with  a gradual 
cooling.  Data  from  STD  casts  made  during  Phase  II  (Hazelworth 
et  , 1974)  show  apex  water  to  be  conforming  to  these 
general  conditions. 

3.3  Initial  Data  Processing-Filtering 

Data  from  both  phases  were  filtered  to  remove  noise 
and  partition  the  series  into  three  frequency  bands.  Three 
basic  filters  were  used:  3-hr  low-pass,  40-hr  low-pass,  and 

40-hr  high-pass.  Figures  3a  and  3b  show  the  response  for 
both  3-hr  and  40-hr  low-pass  filters.  It  should  be  mentioned 
here  that  all  useable  data  were  included.  Those  stations 
excluded  such  as  I and  J (not  discussed)  were  either  too 
short  (2  days  or  less),  had  a poor  signal-to-noise  ratio, 
and/or  large  gaps  in  the  speed  or  direction  data.  The 
3-hr  low-pass  filter  was  used  to  smooth  the  raw  data  and 
to  resample  the  time  series  into  a more  convenient  number  of 
points;  the  filtered  series  were  resampled  every  hour.  In 
addition,  the  data  were  partitioned  into  low  and  high  fre- 
quency time  series,  so  that  low  and  high  frequency  processes 
could  be  examined  separately.  A period  of  40  hr  can  be 
used  to  distinguish  conceptually  between  low  and  high 
frequency  processes  by  excluding  frequencies  with  periods  less 
than  2 days.  The  40-hr  high-pass  data  include  tidal  and 
inertial  frequencies  by  admitting  frequencies  with  periods 
less  than  2 days  but  longer  than  3 hr.  A summary  of  results 
from  these  filter  operations  is  presented  in  table  II. 

3.4  Character  of  Low  Frequency  Variations  in  Flow 

Figure  4 shows  the  mean  current  vectors  for  Phase  I. 

The  vectors  represent  net  movement  in  the  lower  portion  of 
the  water  column  over  the  entire  observational  period.  Record 
lengths  and  statistics  associated  with  each  station  are 
given  in  table  II.  Figure  5 relates  selected  data  from  the 
inner  stations  to  the  offshore  station  G during  Phase  I. 

Figure  6 shows  the  mean  current  vectors  for  apex  stations 
occupied  during  Phase  II.  These  data  support  the  hypothesis  of 
anticyclonic  circulation  in  the  low  frequency  component 
for  flow  in  the  apex.  Data  for  station  D in  both  phases  show 
a net  bottom  outflow,  contrary  to  what  might  be  expected 
from  estuarine  circulation  principles.  This  result  is 
probably  due  to  the  stations  not  being  located  in  Ambrose 
channel  but  atop  the  shallower  area  to  the  southwest. 

Mean  speeds  for  Phase  I are  a reasonably  consistent  4 to 
10  cm/s.  This  speed  is  substantially  below  tne  instantaneous 
speeds  characteristic  of  this  period.  The  data  records 
exhibit  a high  degree  of  variability  due  primarily  to  tides, 
but  with  winds  dominating  flow  for  significant  portions  of  the 
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Table  II. 

Record  Lengths  and  Statistical  Information  for  Each  Station  in 

Phases  I and  II. 
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records.  Characteristically,  at  station  F,  maximum  speeds 
are  about  50  cm/s,  nearly  an  order  of  magnitude  greater 
than  the  long-term  mean. 

Data  from  station  H adjacent  to  Long  Island  show  a 
weak  mean  speed  (3  cm/s)  and  a direction  of  flow  toward 
the  southwest.  This  direction  is  consistent  with  shelf  flow 
reflected  by  station  G (fig.  5) , but  represents  a reversal 
of  the  nearshore  flow  depicted  by  station  F.  During  this 
measurement  period,  station  H appears  to  occupy  a position 
outside  of  the  apex  gyre.  Station  G data  may  not  indicate 
the  position  of  the  southeast  limb  of  the  gyre,  but  do  indicate 
that  general  long-term  movement  on  the  shelf  is  toward  the 
southwest . 

A preliminary  examination  of  records  from  several  levels 
at  selected  stations  suggests  that  the  effect  of  stratifica- 
tion on  currents  is  significant.  When  a layered  density 
structure  exists  (Phase  I) , the  flow  in  various  layers 
generally  has  different  speeds  and  directions;  during  the 
nonstratified  conditions,  measurements  at  various  levels 
on  a single  station  generally  show  flow  to  be  more  uniform 
top  to  bottom.  The  mean  vectors  at  station  A for  each  phase 
show  this  quite  clearly.  This  situation  may  be  significant 
relative  to  competence  of  flow  to  erode  or  suspend  particulate 
material  in  bight  waters. 

3.5  Current  Roses 

While  speeds  representative  of  long-term  mean  flow  are 
generally  higher  for  Phase  II  than  for  Phase  I,  due  to  the 
higher  level  of  wind  energy  input  to  the  water  column, 
direction  for  this  component  of  the  flow  is  not  significantly 
different  for  the  two  periods.  Figure  7 shows  a summary  of 
direction  data  for  apex  stations  and  is  a composite  of  both 
phases;  the  number  adjacent  to  each  station  indicates  the 
height  of  the  current  meter  above  the  bottom.  These  data 
include  all  periods  greater  than  3 hr.  The  histograms  of 
figure  7,  in  polar  form,  show  the  frequency  distribution  of 
currents  partitioned  into  10-deg  increments;  the  length  of 
each  line  represents  the  percentage  of  the  total  record 
occupying  that  direction  segment.  Data  taken  from  the  transect 
denoted  by  stations  A and  K show  that  flow  is  generally  north- 
ward, while  for  the  Long  Island  transect  (stations  E and  F) 
flow  is  predominantly  eastward. 

Comparison  of  stations  E and  F indicates  that  further 
offshore  there  is  a greater  tendency  for  cross  - contour  flow 
than  at  the  inner  stations.  Strong  directionality  exhibited 
by  data  from  station  A can  probably  be  attributed  to  its 
location  in  the  Hudson  Shelf  Channel. 

Although  the  station  at  the  sewage  sludge  dumpsite 
was  not  reoccupied  during  Phase  II,  its  Phase  I direction  data 
have  been  included  for  comparison.  This  station  exhibits 
bimodal  direction  character;  favored  flow  directions  at  this 
site  are  to  the  nortiicast,  in  agreement  witli  clockwise  flow. 
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and  to  the  northwest,  perhaps  associated  with  an  estuarine 
bottom  flow  into  the  mouth  of  the  Hudson  Estuary. 

Data  presented  in  figure  7 have  been  3-hr  low-pass 
filtered,  but  otherwise  reflect  both  low  and  high  frequency 
processes.  The  roses  tend  to  show  a structure  similar  to 
that  seen  in  the  mean  current  vectors  of  figures  4 and  6. 

The  high  frequency  component  of  flow  can  be  examined  in  a 
display  similar  to  figure  7,  but  using  the  high-pass  compon- 
ent of  each  record.  Figures  8,  9,  and  10  summarize  direction 
data  for  the  high  frequency  processes;  the  figures  display 
histograms  for  the  40-hr  high-pass  time  series.  There  are 
two  figures  for  Phase  I;  figure  8 shows  roses  for  the  current 
meters  nearer  the  surface,  and  figure  9 displays  the  roses 
for  the  current  meters  nearest  the  bottom.  Because  low 
frequency  direction  data  are  not  included  in  these  current 
roses,  each  rose  is  basically  symmetric  about  a major  axis. 

By  comparing  figures  8 and  9,  it  can  be  seen  that  the  fre- 
quency distributions  of  direction  data  exhibit  a rotation 
of  the  major  axis  with  depth.  This  feature  occurred  at  a time 
when  the  water  column  was  strongly  stratified. 

Frequency  distributions  shown  in  figure  10  for  the 
Phase  II  data  are  not  significantly  different  from  Phase  I 
data.  There  were  a few  additional  stations  during  Phase  II. 

By  comparing  the  roses  of  the  3-hr  low-pass  data  and  the 
40-hr  high-pass  data,  orientation  of  the  major  axis  appears  to 
shift;  for  almost  all  stations,  the  high  frequency  component 
has  a stronger  tendency  for  onshore  flow. 

It  should  be  noted  also  that  no  phase  information  is 
contained  in  these  roses.  This  means  that  material  introduced 
into  the  water  column  at  the  same  place  but  at  different 
times  in  the  tidal  cycle  could  be  transported  in  completely 
opposite  directions. 

3.6  Vector  Time  Series  of  40-Hr  Low-Pass  Data 

The  low  frequency  content  of  these  data  can  also  be 
displayed  as  a vector  time  series  or  stick  diagram.  All  of 
the  stations  off  the  New  Jersey  shore  (fig.  11,  12,  13,  and  14) 
show  mostly  northward  flow,  and  the  stations  perpendicular  to 
Long  Island  (fig.  15)  show  mostly  eastward  flow.  The  most 
obvious  difference  between  Phase  I and  Phase  II  data  is  the 
much  higher  speeds  during  Phase  II,  probably  attributable  to 
the  much  higher  windspeeds  during  tlic  second  phase,  Progress- 
ive vector  diagrams  of  the  wind  for  both  phases  are  shown  in 
figure  16.  During  Phase  II,  a major  reversal  of  flow  occurred 
near  iiay  305  . This  reversal  and  associated  high  speed  were 
observed  in  conjunction  with  passage  of  a major  storm  front 
through  the  area. 
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Figure  16.  Vector  time  series  of  40-hr  low-pass 
data  from  stations  E and  F for  both  Phases  I and 
II. 
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One  of  the  more  difficult  oceanographic  concepts  to 
convey  is  the  distribution  of  temporal  variability  in  ocean 
currents.  A useful  technique  for  displaying  amount  and 
type  of  flow  variability  is  the  energy  spectrum.  An  example 
of  the  energy  spectrum  for  station  F is  shown  in  figure  17. 

The  curves  denoting  energy  in  the  east  component  of  flow 
at  station  F for  Phases  I and  II  are  typical  of  nearshore 
current  measurements  in  the  bight.  The  major  features  of 
these  functions  are  the  peaks  that  occur  near  periods  of 
12  hr,  19  to  25  hr,  and  at  the  left-hand  limit.  Respectively, 
these  peaks  are  associated  with  semidaily  tides,  a mixture 
of  inertial  currents  and  daily  tides,  and  longer  period 
variations  normally  associated  with  meteorological  events 
amounting  to  several  days.  Each  of  these  time  scales  plays 
a particular  role  in  the  movement  of  waterborne  materials. 

In  general  terms,  the  effect  of  energetic  currents  of  high 
frequency  is  to  create  turbulence  and  maintain  materials  in 
suspension,  but  not  necessari,ly  to  transport  or  disperse 
them  over  long  distances.  Advective  transport  is  affected 
by  low  frequency  processes. 

Variability  of  the  water  motions  in  the  apex  is  reflect- 
ed by  the  statistics  of  the  current  meter  records,  tabulated 
in  table  II.  The  variances  computed  are  the  sum  of  the 
squares  of  the  standard  deviations  of  the  velocity  components 
for  each  of  the  40-hr  low-pass  and  40-hr  high-pass  time  series. 
In  addition,  the  ratio  of  high-passed  variance  (HPV)  to  total 
variance  and  the  ratio  of  total  variance  to  the  squared  mean 
speed  are  also  given.  The  latter  ratio  is  of  particular 
interest  in  analysing  the  dispersion  of  materials.  For  station 
F spectra  shown  in  figure  17,  about  70  percent  of  tiie  current 
variance  occurred  at  periods  less  than  40  hr  during  Phase  I. 
However,  during  Phase  II,  these  higher  frequencies  accounted 
for  only  40  percent  of  the  current  variance.  During  Phase  II, 
a similar  frequency  distribution  of  current  energy  was  found 
at  the  nearshore  station  K.  However,  at  station  A,  further 
offshore,  the  high  frequency  portion  of  current  energy  is  only 
30  percent  for  Phase  I , then  drops  to  about  10  percent  for 
Phase  II.  Generally,  for  all  of  these  data,  there  is  a 
shift  from  high  frequency  dominance  for  nearshore  stations  to 
low  frequency  dominance  for  offshore  stations. 

3.8  Coherence  and  Phase  Estimates 

The  apparent  steady-state  anticyclonic  gyre  poses 
interesting  questions:  Khat  is  the  spatial  coherence  and 

phase  of  the  low  frequency  motions  in  the  gyre?;  and  what, 
if  any,  relation  does  the  wind  have  to  the  dynamics  of  the 
apex  circulation?  To  obtain  a quantitative  description  of 
the  low  frequency  kinematics  in  the  apex,  cross  spectra, 
coherence,  and  phase  were  computed  for  the  east  component  of 
wind  and  the  selected  stations  A,  K,  and  F.  Wind  data  were 
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obtained  from  the  standard  observations  made  at  Ambrose 
Tower  every  6 hr.  Figure  18,  summarizing  these  computations, 
shows  that  there  are  two  important  frequencies  associated 
with  wind  forcing.  The  left-hand  column  in  figure  18  shows 
the  cross  spectrum,  cross  phase,  and  coherence  squared  for  the 
east  component  of  wind  and  the  north  component  of  currents 
at  station  A during  Phase  I.  The  east  component  of  wind  is 
used  for  coherence  and  phase  analysis  because,  for  the  Ambrose 
data,  most  wind  energy  is  in  the  east  component.  There  are 
two  peaks  in  the  cross  spectrum;  periods  corresponding  to 
these  peaks  are  approximately  4 and  7 days.  Motions  at 
station  A lag  the  wind  by  approximately  12  hr  for  the  7-day 
period  and  about  18  hr  for  the  4-day  period.  The  most  signific- 
ant coherence  is  approximately  0.7  for  the  4-day  period. 
Coherence  in  the  Phase  I data  suggests  that  water  in  the  vicin- 
ity of  station  A responds  to  eastward  winds  with  northward 
flow;  in  general,  the  gyral  circulation  within  the  apex 
seems  to  be  a wind- induced  phenomenon. 

The  center  and  right-hand  columns  of  figure  18  show 
for  Phase  II  the  cross  spectra,  cross  phase,  and  coherence 
squared  between  the  north  components  of  stations  A and  K 
and  between  the  north  component  of  K and  east  com]-)onent  of 
F,  respectively.  These  data  show  coherence  squared  greater 
than  0.75  for  periods  greater  than  5 days.  Additionally, 
phase  differences  are  negligible.  These  data  indicate  that, 
for  the  space  scale  of  the  apex  array.  Phase  II  motions  are 
coherent  for  frequencies  less  than  those  near  0.2  cycles/day. 

4.  RECAPITULATION 

During  the  last  half  of  1973,  direct  current  observations 
were  made  in  the  New  York  Bight  Apex.  These  efforts  produced 
24  current  meter  records  from  ^ situ  recording  Aanderaa 
current  meters.  These  records  were  partitioned  into  low 
and  high  frequency  bands  where  each  band  was  analyzed  for 
temporal  and  spatial  variability.  These  analysis  produced 
the  following  observations: 

(a)  For  the  period  August -December  1973,  the  mean  flow 
within  the  apex  consists  of  clockwise  circulation  with  a 
mean  speed  of  approximately  4 to  10  cm/s. 

(b)  Low  frequency  component  of  flow  is  less  depth 
vie;  endent  in  the  late  fall  when  the  water  column  is  well 
n.:x-d  than  during  the  summer  when  a well -developed  two- 
lavered  system  exists, 

(c)  Low  frequency  response  of  apex  water  to  meteoro- 
logical forcing  is  coherent  over  the  apex  with  a phase  lag 
of  up  to  18  hr.  Coherence  diminished  markedly  above  0.2 
cycles/ day . 

(d)  Spatial  coherence  over  the  study  area  (35  kml 

1 high  with  negligible  phase  lag  for  frequencies  less  than 
(J . 2 cycles/day. 
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'.i.iniaiii'ioi-  current  there  was  an  interacti«»n  between  i'u?\aturc‘  and  lateral  shear 

N "1 1 i-'ii  I.  - .leeompanieil  by  a s\stematic  movement  of  flunl  elements  a«‘fos>  ih«-  I 

.i\i-  rin-.  dilterencc  is  coiisideied  from  tw«*  points  of  view.  The  first  i>  that  <»!  the 
. •|ii.ii  ioi(«  ;:overnin^  the  inti-raction  process,  particularly  tin-  banking;  meehanism  that 
I • -iiv  1 1 1 s riirv  at  uie  \ oi't  icit  \ to  lateral  shear  vort  icit  \ and  \ lee  vei-sa.  The  sri-ojid  IS  t hat 
ol  I In-  d V iiamics  of  t lie  Ut'ost  rophic  potent  ia I \ *»rt  icit  \ . If  is  conidiided  t hat . bei-ause  of 
the  imfx»se<l  ^eostn>phic  constraint,  the  mean  modid  does  not  r«•taln  the  mteraetion 
pr«  >ce.ss. 


IntnxIlK'tioii 

’riie  nio.st  cniicisi'  statement  of  the  ilynainies 
of  an  atliabat  le.  inviseal  flow  is  the  law  of 
servalion  ol  potential  vortieity.  Ilowever,  for 
ilia^nost  ic  st  mill’s  the  relat  ive  \ i 'it  leit  y e<|iiat  ion 
IS  more  n.sefnl  beeanse  it  brmtzs  out  the  meeha- 
msms  that  change  the  relative  vortieitv.  In 
this  sense,  the  eurvatnre  aiul  lateral  shear 
vortieitv  eipmtions  derived  by  Chew  (1974) 
are  even  more  useful  because  thi’v  briiii;  out 
the  ineehamsms  that  pnerti  the  individual 
ehanp'  of  enrvatiiri'  and  lateral  shear  vortieitn’s 
separatelv.  ( )iie  of  these  meehaiiisms  mdiiees 
mteraetion  between  the  eurvalure  and  lateral 
shear  vottieity.  The  purpose  of  this  paper  is 
to  detail  a manih’stat iiui  of  the  interaetion 
and  to  eoinpaiv  the  manifestation  in  two 
studies  of  the  |•’|o^da  Current.  One  is  tie-  model 
of  a meati  eui'ieiit  eiaistrueted  bv  Sehmil/. 
{ I 9f59).  and  the  other  is  an  instantaneous  current 
(d)s«’rved  by  (’lievv  (1974). 

In  tin*  .spiM’ial  ease’  of  a fluid  element  situated 
initially  in  the  instantani'oiis  speed  avis  of  a 
meandering;  current  at  the  point  of  inflection, 
the  process  ol  interaction  takes  on  a utmpie 


form.  An  observer  rivlm^  with  the  elena'iit 
w ill  find  llu'  spei‘‘l  axis  of  the  current  alternately 
forming'  to  his  b’tt  and  ni;ht  depfiuhn^  on  the 
si^n  of  the  flow  curvatuiN’.  bbpnvalent  ly,  an 
obsi’i'ver  usiiitf  the  chaimin^  location  «»f  the 
speed  axis  as  a reference  will  find  the  fluid 
eb'inent  moving  across  the  speed  axis.  This 
crossing  of  the  avis  is  relal«’tl  l«i  a characti  ii'.tic 
cross-stream  di^t  i ibut  ion  (»f  potential  vortieitv. 

Ibaice  of  the  interaction  pr«»ce'..s 

may  be  phrased  m terms  c*f  jmtential  vorti<*ilv 
c»in<erv  at  !■  ai,  Mut  the  mere  sat  l•*f.|et  i«*ii  «»t  the 
conservation  law  does  not  imply  an  identity  »>r 
even  a Mimlaritv  m dviiamic-'.  F'or  the  law 
applies  e«pmlly.  e.|»..  t<*  l)oth  linear  and  non- 
linear remmeN.  (fur  i-on'ideiat  ion  ol  the  intet  . 
a<’tion  |>roce'>s  m the  context  «>t  the  conferva- 
lion  law  w ill  sefv  <’  alfo  to  ill  lift  rate  t his  point . 

riu’  mean  model  c<*nftrucie»i  b\  Sclmiit/. 
was  based  on  data  eo||i-<'ted  over  <t  .‘In  dav 
period  in  Ittti.7  m a ferment  of  the  K|oi  ida 
Current  downstream  of  the  segment  observeii 
by  ('hew  m a a day  pei  ioil  m 1971  These 
differences  m time  and  place  are  assumed 
immaterial  on  the  premise  that  the  dynamics 
of  the  l’'lorida  Cm  rent  remained  utH’liainied. 

T.  lbif  \ \ \ 1 1 la:.‘e.  I. 
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INTERACTION  BETWEEN  CURVATURE  AND  LATERAL  SHEAR  VORTICTTIES 
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A'ij/.  I.  'rhf  two  hri»‘H  .1  an<l  ii  ::>ark  th«'  l<K'ati<ms  of  v«*|ority  and  dmsity  oLs<>rvations  mado  by 

Nc'hnnlz  in  th»*  imtmmI  24  May  to  24  .lum*.  'Fh**  rurvilinoar  1 to  11  murk  tin*  paths  of  shallow 

iiriftm^  dro^uos  mado  hy  Chow  & HorlM-nan  m tho  |XTi«Ki  lo  Ki*hmar\’  to  1*  March.  lUhih 


First  tho  nuMlol  of  the  m«an  currt*nt  is 
siimiimrizod  an<l  tlu'  feature's  of  interest  idetiti* 
firii.  Next,  roinparahle  filatures  for  the  instanta- 
neous ctirrent  an<l  thi'ir  interpretation  from  th<' 
viewpoint  of  potential  vort icily  conservation 
are  pres<‘nt<'d.  To  (‘xplain  tli«'  dynamics  in- 
volved, the  formulation  of  tin*  ('(piations  that 
j^overn  the  individual  change  of  curvature  and 
lateral  sh<*ar 'vorticities  separately  an*  next 
revieweel.  Finally,  by  use*  e>f  tiu'se*  e'epiations 
the*  limitation.s  of  the  dynamics  e>f  the  me*an 
mode*!  are  show’n. 

Tcllus  XXVII  (ll»75),  (i 


Potential  vorlicity  in  a mean  Florida 
Current 

From  a se*ries  of  ve*locity  anel  demsity  nn'iivSiire*- 
me*nts  taken  alon^  the*  two  lines  Iah(*lle*d  .( 
and  li  in  Fi><.  I,  Schmitz  constructed  a nuMlel 
of  a iiu*an  Florida  Cum*nt  in  t»*nns  of  a single* 
moving  laye*r  whose  thiekne'ss.  //,  he  ide*ntifieHl 
os  eejual  to  the  thiekm*ss  of  the*  surface*  lay(*r 
with  a ve*rtically  ave*rageel  sigma-f  of  2/5.0. 
Fig.  2 shows  his  cmss-streain  distribution  of  the 
thicl.iH'ss  of  the*  laye*r  and  its  corn*sponeiing 
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Fitj.  2.  I>i>\vnstr*-Hin  sp#*o<l  (i-)  an«i  lay«'r  tirpth  (//)  vs.  rr«»**'»-stn*am  distaiioj  (j-).  Trianirlos  for  socti«*n  A 
ami  oireli's  for  siTtioii  H a**  nhown  m Kj>:.  1.  Kvpnxiuct'd  tri*m  Schmitz  (liMill). 


(Inwnstroam  Th«*  ftutun*  of 

int<Tost  is  tin*  locations  of  t|n*  speed  axes 
between  lI5  and  llo  kin. 

For  th<*  ono-inovinK  lrtver  model,  the  potential 
v'ortieity  >»f  an  itxiividual  column  is  the  ratio  of 
its  absolute  v(»rtioity  to  its  thickness,  //.  Tlu* 
afisofufe  vorticity  is  a sum  of  tho  vertical 
oornponenta  of  thi*  planetary  ami  relativ<*  vorii. 
cities,  ih'cause  his  data  did  not  permit  an 
fwlerpiati'  evaluati«»n  of  the  sijjnifieance  of  the 
curvature  vorticity,  Schmitz  made  the  nasump- 
tiofi  of  e(pmfiii>f  the  r<*lative  vorticity  t^>  the 
lateral  shi'ur  vorticity  alone.  Usinjj  this  assump- 
tion and  the  distribution  of  variables  in  Fig.  2, 
Schmitz  coinputi'd  the  potential  vorticity  at 
different  locations  along  tlie  two  lines  to 
obtain  the  cro-s-s-st/Tain  fJi.strihutions  shown  in 
Fig.  3,  whose  principal  featun*  is  that  cast  of 
km  30,  the  distributions  of  potential  vorticity 
are  relatively  unifonn,  hut  that  to  the  west 
of  km  30,  in  the  regions  of  both  th<»  speed  axes 


and  the  left  flanks  tlx'  distributions  show  a 
sttH'p  rise  in  potential  vorticity.  fri  a regime 
where  potential  vorticity  is  eonserv('d,  fluid 
eleiix“nts  witli  a given  potential  vorticity  may 
move  only  t«»  regions  where  the  pot<>ntial 
vorticity  is  the  same.  In  tlu*  right  flank  east 
of  km  .30  m Fig.  .3,  if  the  .small  cro.s.s  stream 
variation  in  potential  vorticity  may  Vk*  ignonxl, 
Itxiividual  columns  there  can  move  lat<*rally 
without  constraint.  However,  in  the  regions  of 
both  the  speed  axis  and  the  left  flank,  b<*cause 
of  t)ic  large*  change  in  potential  vorticity, 
individual  columns  in  tliese  regions  an'  con* 
strained  to  remain  in  their  relative  lat<*ral 
positions.  In  cons<*<pU'nce,  then*  can  be  no  flow 
acro.ss  the  sptM'd  axis.  The  comparison  centers 
on  the  dch’rrnination  of  whether  or  not  this 
consoipience  luilds  also  for  an  instantaneous 
Florida  (’urrent.  The  din'ct  way  to  find  out  is 
to  o!)servc  the  lateral  movements  <if  indivxiual 
parcels  relative  to  tlx*  instantaneous  s|um*<1  axis. 

Tcihis  XXVII  (MiT.'i),  a 
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r /f/.  4.  I’ath  of  <lro^tH'  formation  ami  rncoimtorfd  winds  m th«*  ons»T\at  ion  of  1971.  Imiiviihial  tiro^urs 
l«>rat«'d  at  th«-  wrtio«*s  of  thr  tnantflos  sparod  six  hours  apart.  Th«*  timo  for  tho  fir-^t  trian^lr  is  UtMiU  hr 
(I'nivrrsal  'I'lmi*).  Aujinst  27.  Arr»>ws  r<’pr**s»-nt  dircrtions  of  winds  a."  obs<'rv«‘d  fr«»m  thr  <lr<*>:m'  trarkin>j 
ship,  ami  nuniorals  kiv  wim!  stn*n^rths  m kinds,  Imth  rorn'rtrd  for  ship  drift.  Thr  timrofoarh  plott»'(l  wind 
corn*sp»»mls  to  tho  turn*  of  th»*  m*arfst  plotted  dro^wo  formation,  with  thr  oxcoptum  of  fourra-si's  indirati*d 
by  imriHTaU  with  pnim*  and  dtuibli*  prirnrs.  Th«*  mujjIo  pnim*  ro.s«’s  an*  off  th«*  indiratt'd  turn*  by  om*  hmir, 

th»*  lioubh*  prirnos  ra.si*s  two  hours. 

Tflhis  XXVII  (1975),  B 


INTKKACTION  HKl'WKKN  M KVATI  UK  AM)  I.ATKKAI.  SHKAH  VOKTH  ITIES 
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Howfvrr,  \\«*  aniu'ipatr  that  iiirasuniiiritt 
un(M‘i'tamt y anil  iiiti'rtmaH'i'  nt  otla  r prni^r.sM's 
will  ivmltT  till*  ohsrrvat am  impri'cis**,  aial  that 
111  conjimctinn  with  i*hsi*rvatinn  it  is  M«rr!-.sarv 
as  tn  cniisuh-r  thi-  iMlrrm-t  a »n 

pmoi*ss  o|‘  winch  the  crossiii^^  ot  th<’  sp«-r»l  a\is 
IS  hilt  one  iimnitcstation.  'I'hc  oh'.rr\  ai  a >n 
prcscntcil  tiist. 

Obserxation  of  an  iristantan<‘ons  I'loriila 
C.nrrcnt 

Ki^s.  4 aiai  o sinninari/i-  Thew  s nli>ri-\  hi  a >n 
of  the  Kloruia  rurrenl  h\  ineaiis  <il  In-e  (infiin^: 
ilromieN  at  a 4n  in  »h  pth.  Threi*  i|n»j;iirs  w«  ie 
initially  i|ep|(i\»‘il  lMmi  kin  laath  of  tla-  ^'ll^;Han 
Strait  as  shown  in  Ki^:.  4.  wla-s.-  >ali-  nt  tfiitnre 
IS  the  lack  e!  significant  <iow n>t i«  ain  ietiui‘ta»n 
in  the  nieaiaieriim  atnplituile  nf  the  current  in 

spite  of  lar^e  (|. •creases  III  h.ith  til'-  wat.-r  (ii  ptli 

anil  channel  waltli.  Shown  in  a for  e\n\ 

six  lioiirs,  are  the  ilro^ia-  formation',  ohiained 
hy  connecting;  simtiltano(ai>.  ()r>r^ia-  |)osiia>ns 
w ith  strai^»ht  lines.  Hei-.uiso  all  ih"^ia-s  presnin- 
ahl\  drifteil  at  a constant  ihpth.  and  hccan>e 
parcel  inoMon  is  t dimensional  e\rn  m 
Iar^;e  scale  th)w.  the  droi;ia-  f«aination  did  ia»t 
track  the  same  parcel  t hioin;)i,  mii  Ihit  it  tlje 
\erta-al  ad\ectioii  is  onl\  a small  pait  of  the 
indiNid'ia!  ehanvr' . then  th<  indixidnal  elian^o 
i«  approximated  well  l)\  the  rhaiikTe  m di"i:n'- 
formation.  This  is  assumed;  and  in  this  context 
we  sh.ill  reter  to  the  traekiin;  of  a sm^l,.  |>arcel. 
The  Jl|..t  It  ic-at  toll  \Nlll  he  i;i\en  kltel  after  tlie 

appf'»priat jiiations  .-ne  pivs.-nted  .Moreover, 

the  sljfli  of  the  patfl  Clirvatllle  was  oli^.rved. 
hut  acctadin^  to  Ulaton's  rijuation  tiie  olweixa- 
t ion  also  i;i\  es  t hi  - sn;n  ot  t he  i .am  line  «-in  \ ,i 
tore  presided  the  ciiirent  is  i|uasi  >tead\,  'This 
Is  also  assuitH'd.  In  thi-  leieretice  frame  of 
na  t m al  coordinat  • s.  with  po<.tt  iv  e cr<  >sh  >t  ream 
direction  to  tlie  l.'it.  the  lateral  shear  i>  negative 
when.  ni  a drogue  fonnation.  tfie  dr«*^nies 
on  tlie  lett  ]akti;ed  hehilld  the  drogues  on  the 
ri^ht ; and  the  lateral  shejir  is  p<  »sM  ive  w hen  the 
llroi'ues  on  the  ll^ht  ta^iJed  hehmd  the  dro)jii«'S 
oil  the  Irlt.  Accordint:I\ . in  a where  the 

curvatures  were  positive  at  the  two  cvclomr 
hetids.  the  lateral  sliears  wen-  also  po.sitive, 
ntai  where  the  cuivatiire  was  negative  at  the 
ant  M'\  clonic  l>end  the  shear  was  also  iiepitive.* 
Mi’canse  these  dittereiit  si^n  comhitiat ions  are 

Telliis  \\  \ II  (lltT.M.  i; 


tliose  of  an  indivulual  parcel  trai'ked  h\  the 
drogue  formation,  the  curvatuie  and  lateral 
shear  of  the  parcel  must  turn  zero  somewhere 
hei  ween.  sa_\  . tin-  posit  IV  e ciirv  at ufe  and  lateral 
shear  at  the  cyclonic  hetai  and  tlie  nepiiivr* 
ciM'vature  and  lateral  siiear  at  the  downstream 
anticv  clonic  hencl.  Moreover,  it  is  plaiisihie  that 
till-  cmsatuie  anvl  tlie  lateral  shear  both  turned 
zero  to^retlier.  ill  Ki^;.  a at  the  two  iiiflectnai 
points  near  sections  A*  and  M when*  the  curva 
lures  w.-re  zero,  the  lack  of  si^mfieant  chaiif;  * in 
the  shape  of  the  tw.i  slli'CessiVe  sixdlour  dfo^Ue 
tormatioiis  there  indicat<*s  that  the  accoinpanv  * 
iti^;  lateral  shears  wen*  also  zero.  Hence  tia* 
reiat  i«»nship  is  one  of  tlie  sij^n  of  the  lateral 
shear  following;  the  sipi  of  the  flow  curvature. 

Now,  tor  simplicity,  consider  a meandering 
current  with  a single  speed  axis,  a siUiatitai 
• juite  ^•onsl.stenl  with  ihf*  temp<*rat un*  sections 
shown  III  Ki^n  0 where  cross-sl r<*am  isotlwrmal 
si. *pes  are  generally  largest  in  the  water  columns 
supporting;  the  dro^m*  formathuis.  In  this  case, 
icaratjvi*  lat<*ral  sln-ar  is  {'onfiiu'd  to  tlie  h-ft 
dank,  and  positive  sh(*ar  iti  the  ri^lit  flank. 
It  tollows  tlial  a drogue  formation  is  m the 
speed  axis  when  tin*  shear  is  zerc».  m the  left 
llank  wlieri  tin*  slu-ar  is  nepitive.  and  in  the 
ri^lil  flank  when  tlie  shear  is  p.»sitive.  .\ccord 
mi;ly.  m toUowmi;  the  movem.*ni  of  the  parcel 
lownstream  from  the  inflection  near  section 
A'  III  Ki^;.  a.  wo  rsee  tliat  the  pan'el  moved  oft 
till'  speed  axis  and  entered  the  left  flank  on 
apptoachin^  tlie  anticyclomc  turn.  Then  on 
mov  iiiir  out  of  li."  anticvclonic  turn,  the  pan**’! 
als.i  rnov.'d  laterally  out  of  the  hft  flank  and 
n -enten’d  the  spe.-d  axi-'  -ts  the  cur  vat  ure  ut  l he* 
path  became  /.‘ro  at  the  mtlection  point  down- 
stream «»1  sei  tioii  M Kinallv  . on  approaclunj; 
the  cve’lona*  turn,  the  pan*el  apiiti  niova*d 
laterallv  off  tin*  speed  axis,  hut  tins  time  into 
the  ri^ht  flank.  'I'hiis  the  parcel  el.'ments 
e-rossed  the  speed  axi'  .s\ .*.temat ica II v . This 
IS  III  sharp  disagreement  with  the  reepiiri'inent 
contained  m tlie  model  presented  by  .Schmitz. 
Ifefore  explamnif;  tla*  disafc;n*emi’nt , atte-ntaai 
will  be  1'|VI*II  first  to  the  Iik«'l\  effe<'ts  of  |.>cal 
wiikIs  on  till*  drift  «if  the  drogues  and  «»f  the 

’ In  Fu;.  m the  paper  hy  ( hew  |I!)T4)  the  s|H*ed 
differen<*e'.  at  the  ant  n'yel<»nic  l»end  .-how  a positive 
'll -ar.  'rills  j.<  ihscounleil  here,  hecause  i rrors  m 
s]ii‘.*«|  .•stiinates  are  In  cm.’s.  and  tliere  is  aNo  the 
pi«s<ihl.'  presence  of  a local  inti*rfen?m  phenomenon. 
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Fig.  6.  TeinjXTatiin*  distnhution  a)on>;  s<Ttions  ./,  K,  L,  M anti  -V  shown  in  Ki>i.  •*».  Adapto<i  from  Chow 
(1974). 


(lownstroarn  channol  ('onHlrictinn  off  Miami 
on  th«*  int«*raction  ciirvatun'  ami  latoral 

niioar  (hero. 

Wind  effect  and  channel  constriction 

SimK'  of  the  local  wi/uls  ohH#*rv<‘fl  from  the 
droKue-traokinff  ship  whih*  drifting  with  the 
current  are  shown  in  Ki^.  4.  The  winds  <*n- 
countered  were  generally  light.  So  light  that  m 


a dinH’t  test  of  wind  effect  on  drogue  systems 
with  different  surface  huoy.s,  ('hew  (1974) 
found  (h<»se  winds  to  have  t*ss<‘n(iaHy  the  same 
effwts  even  though  the  sail  areas  of  the  buoys 
were  much  different.  Strong  ami  jH'rsistent 
winds  can  1m'  an  im(x>rtant  source  of  error,  but 
a typical  wind  stiNMigth  in  Kig.  4 is  only  7 knots. 
Acconhng  to  a diagram  given  by  Brown  (1959), 
the  approximate  efftn't  of  a 7-knot  wind  i«  to 
drag  the  drogue  system  through  the  water  at 
1.7  em/s.  This  is  small  compariMi  with  the 

THlus  XXVH  (197ft).  6 
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of  tiu*  curn*nt.  Morcovor,  siiuv  tlu*  wind 
direct  louH  were  \ unable  aiul  lH*ar  uo  apparent 
ulationship  to  tht>  large  systematic  lateral 
movement  of  the  drogues,  the  wimisencounten'd 
may  he  dismissed  as  a significant  factor  in  the 
obvServed  interaction. 

As  shown  in  Fig.  1,  there  is  a channel  con- 
strietum  in  the  region  where  Sehmitzeonstrueted 
his  ni(*an  model.  Tlu*  ipicstion  is,  docs  the  con- 
striction <‘ffectively  supprt'.ss  the  interaction 
bi'lweeii  curvatun*  and  lateral  s!u*ar»  and  lu'iice 
the  crossing  of  the  speed  axis?  There  is  ri‘pro- 
duced  in  Fig.  I from  the  work  of  Chew  & 
Rerherian  (1972).  the  mean  paths  of  eleven 
lines  of  three  drogiu's  «*ach.  Tlu*  lines,  all  start  ing 
from  a cominon  area,  were  each  tracked  for 
about  one  <iay  in  the  ord»’r  in  which  they  are 
numbered  in  the  figure.  As  successive  lines  were 
tracked,  the  curvatures  took  on  different  signs 
and  magnitudes  as  in  the  passage*  of  a nu*ander 
train.  l)etaiU*tl  in  the  original  work,  but  not 
reproduced  here,  are  tlu*  lateral  shcar?>  accom- 
panying the  flow  curvatures.  Hut  primarily 
because  thcsi*  lines  are  short,  the  sign  of  the 
flow  curvature  is  .sometimes  in  doubt.  Hut 
wlu’rc  the  curvature  sign  is  clear  cut,  lus  for 
lines  S,  10,  and  II  m Fig.  I.  the  .sign  of  the 
.shear  clearly  follows  tlu*  sign  of  tlu*  curvature. 
This  agn*cment  m signs  suggests  the  probability 
that  had  each  line  been  track(“d  for  a longer 
period,  the  interaction  between  curvatun*  and 
shear  m general,  and  the  crossing  of  tlu*  speed 
axis  in  particular  would  have  Im*<*ii  inon* 
clearly  delineated.  Hence  it  is  concluded  that 
it  is  not  the  channel  constriction,  but  an 
artifact  of  the  mean  model  that  suppresseil  tlu* 
interaction.  'Po  understand  the  artifact,  it  is 
necessary  first  to  uri(h*rstaiul  the  meehamsm 
responsible  for  the  interaction.  Aral  to  ein)>ha- 
si/e  the  relation  of  the  interaction  to  the  gent'ial 
process  that  maintains  the  con.s«*rvation  of 
potential  vorticity,  we  considiT  first  a condition 
imposeil  by  the  con.servation. 

An  imposed  condition 

In  a natural  coordinate  sy.stcin  with  geo- 
metric height  as  vertical  axis,  let  the  com- 
ponents of  a thnu'-diinensional  velocity  be 
written  V ■■  Ts  for  the  hori/.oiital,  and  i/  k for 
the  upward  component;  n-kxn  is  positive 
to  the  left  of  V.  Hence  in  natural  coordinates 
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(w,  n,  z,  t),  the  vertical  eoniponcnt  of  relative 
vorticity,  is  given  liy 

: K^V-idVldn)  (I) 

where  A’,  is  the  streamline  curvatun*.  In  (1) 
the  definition  of  lateral  shear  vorticity  includ(*s 
the  iu*gative  sign;  e.g.,  a flow  with  slower 
current  to  the  U*ft  reprcsi*nts  iu*gative  lateral 
shear  but  positive  lateral  shear  vorticity.  Then, 
with  tlu*  usual  assumption,  the  law  of  conserva- 
tion of  potential  vorticity  in  the  ocean  may  be 
written 

{f  +7) 'ft'  - constant  (2) 

where  ft'  is  the  vertical  thickness  of  a parcel 
element.  When  the*  « ‘mstant  is  cvaluaUHl  at  a 
streamline  inflection  where  values  are  denotinl 
by  the  subscript  “0*’,  aiul  use  is  made  of  eq. 
(1),  eq.  (2)  nia\  be  expanded  to  give 

eV'ic'n  - A’,  V - {/  -/oft'  ft',)  -^(^r/^fOolft'  fto)  (3) 

H<*nce  for  parcel  elements  initially  in  tlu*  spe<*d 
axis  at  an  inflection  of  a meandering  current, 
c(|.  (3)  reduces  to 

bVien  - AJ’  • (/-/oft'/fto)  (4) 

Therefore,  in  order  that  the  sign  of  the  lateral 
shear  of  the  parcel  follows  the  sign  of  it.s  flow 
curvature,  it  is  necessary  and  sufficient  for  the 
curvatun*  term  in  (4)  to  have  a magnitude  larger 
than  the  (’oriolis  t(*rm.  'Phis  condition  may  be 
rephrased.  From  <*qs.  (1)  and  (4)  the  term  inside 
the  parentheses  is  seen  equal  to  the  negative 
of  tlu*  relative  vorticity, 

(/-/oftVft;,)  (3) 

Consequently,  the  condition  is  equi>^ilent  to 
the  following  ineipiahty  in  absolute  magnitudes, 

\f<sy\  >\:\  -\K,V~eV'en\^0  (6) 

when*  C-b  is  exchKh*d,  for  reasons  that  will 
be  given  later.  Accordingly,  in  adihtum  to  the 
requirement  of  a sign  difference  betwoi*n  the 
curvature  and  laU*ral  shear  vorticities,  the 
inequality  (P>)  will  hold  when  the  absolute 
magnitudes  of  the  individual  change  of  the 
two  vorticities  arc  given  by 

\{DIDt){K,V)\  > \{PlDt)t, -eVlen)\  (7) 
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Thus  for  a flow  whort*  v»»rticity  is 

conservotl,  ami  for  a parcol  initially  located  in 
the  speed  axis  at  an  inflection  of  the  fh>w,  the 
conditions  (C)  and  (7)  must  lx*  met,  if  the  si>;n 
of  the  lateral  shear  is  t*>  follow  the  sijrn  of  the 
flow  curvature.  The  two  derivatives  in  (7) 
have  been  discussed  by  (.'hew  (11174).  'I'hese  are 
first  revieweil,  starting  off  with  the  equation 
governing  the  in<fivi<lual  change'  of  curvatun- 
or  turning  vorticity,  called  tht*  turning  eejuation. 


The  turning  equation 

The  turning  tMjuation,  whost'  derivation  is 


detailed  by  Chew  (1974),  is 

{nif)t)K,v  (elen){D\’fVt)  - 

(/-  A%l  )V  V 

Banklnff 

Divergence 

— Kg  1 {d  1 /rS) 

Df'Dl  (8) 

Curvature 

Bela 

The  iiulividual  change  of  tlu 

• turning  vorticity 

IS  H function  of  four  terms:  the  beta  term;  a 
curvature-acceleration  term,  a product  of  the 
curvature  and  the  downstream  acceleration;  a 
divergence  term,  siniflar  to  the  oorre.sponding 
term  in  the  ri'lative  vorticity  equation  but 
without  the  shear  vorticity;  and  thc'  banking 
term  that  involves  the  cross-stream  change  of 
the  downstream  acci'leration.  lienee  of  the  down- 
stream pressure  gradient  force,  and  thus 
represents  a pressure  tortjm*. 

The  hanking  mechanism  has  both  harotropic 
and  buroclinic  components.  Tin*  first  is  derive<l 
from  changes  in  the  height  of  the  sea  siirfac»». 
and  the  second  from  changes  in  tla*  suhsurfaei* 
density  field.  For  sternly  state  motion,  the  baro- 
tropic  component  of  the  hanking  term  may  he 
written, 

(a/anXm'/oOft-  -(3/1 

+3(»vr»)ft{ar/?n);,  (O) 

where  all  the  terms  are  ovuhmted  at  the  sea 
surface,  A.  Thus  the  bnmtropic  component  of  the 
banking  mechanism  i.s  TU'gative  when,  e.g.,  the 
s«*a  surface,  espi'cially  one  with  negative  lateral 
shear,  rises  faster  on  the  left  than  on  the  right. 
A differential  raising  of  the  sea  surface  across 
the  stream  will  pih>  up  mass  to  the  sides  at 


different  rates.  This  will  tend  to  turn  the  speed 
axis  of  the  eiirrt*nt  away  from  the  side  where 
tlie  sea  surface  is  rising  faster,  simply  because 
that  side  of  th<*  <'urrent  is  losing  kinetic  energy 
more  rapidly. 

The  nature  of  the  baroclinic  component  of  the 
banking  meeliaiiism  in  a steady  flow  may  bo 
s«*en  from  the  downstri'am  component  of  the 
etjuatiori  ^»f  frietionh'.ss  imdion  for  a parcel  at  a 
subsurface  height,  r,  in  the  form: 

(3/p) J {uiV)(eQld:)ilz~g(ivl\')^  (10) 

where  the  integral  ion  exteruhs  to  thi*  si’a  surface, 
h.  .\s  (ally  stable  stratification  is  considered, 
the  siffri  of  the  harochnie  term  in  (10)  is  deter- 
mined lit'  the  sign  of  t)ie  vertical  motion.  In 
general,  the  sign  of  the  vertical  motion  in  a 
water  eoliinin  may  change  with  height,  hut 
111  the  height  interval  {h  z)  where  the  sign  is 
the  same,  pari-el  decelerates  when  ascending  and 
accelerates  when  descending.  Hence  vertical 
inotiiai  plays  a central  role  in  the  hanking 
iiii'clianism,  ivhich  also  affects  the  lati'ral  shear 
vorticity,  its  we  see  next. 


The  lateral  shear  equation 

The  proeednri'  used  in  deriving  the  turning 
eq.  (8)  also  gives  thi  equation  governing  the 
individual  change  of  I tcral  shear  vorticity. 

'leu ) = - elen }(l)y/Dt)-  (eVlen)S'  \ 

Banklnif  Dlverfeno* 

■ A'j  rifrVs)  • {eu’ien) {eViez)  (i  i) 

Curvature  Twlatlnir 

In  this  e(piatJoii  the  important  feature  is  the 
presence  of  Imth  the  banking  and  curvature 
terms  but  with  signs  opposite  to  their  counter- 
jmrts  in  the  turning  eip  (8):  therefore  they  serve 
to  transform  curvature  vorticity  to  lateral  shear 
vorticity  and  vice  versa.  Hut  since  lateral  shear 
is  the  negative  of  lateral  shear  vorticity,  the 
presence  of  the  banking  and  curvature-accelera- 
tion inechani.sms  in  both  (8)  and  (11)  ensures 
the  Simultaneous  geiKTation  of  curvature  and 
shear  of  the  same  sign.  However,  their  rates  of 
generation  will  lx*  different. 
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The  rate  of  curvature  anil  shear 
vortieities  changes 

Tlu‘  opt'ration  {DIDt).  re})resontiii^:  the 

iniiividuHl  eli»vng<‘  following  the  three-ihnien- 
sional  motion  of  a ]>arcel,  may  he  decomposed 
into  a horizontal  time  change  (dW/),  and  a 
vertical  a<lvectu>n.  'I'hat  is.  iJi IH  fi'dt  ■ 
In  cases  where  there  is  conservation 
following  the  parcel,  the  vt*rlical  advection  is 
(Mpial  in  magmtudt'  to  th<>  horizontal  time 
change  and  may  not  ho  neglected.  Howt*ver, 
this  is  not  the  case  for  ciirvatim*  arid  shear 
vorticUies  changes.  Kor  tia*  portion  of  the 
Florida  I'urrent  U»cate<l  hetween  sections  M and 
.V  in  Fig.  5.  and  »*xcept  for  th<‘  viatical  advec- 
tion  term.  'I'ahle  I reproduces  thi'  estimates 
given  hy  ('hew  (1B74)  of  the  diffenait  terms  in 
(Mjs.  (8)  and  (II).  In  the  'I'ahle,  the  notation 
( ' 1)  (e({.  II)  means  a limit iphcat ion  )>y  ( I) 
to  change  et|.  (II)  into  an  lapiation  for  latia'al 
shear. 

The  estimate  of  the  vertical  advection  listed 
in  the  'I'ahle  IS  made  as  follows.  Hast  of  sectuui 
M in  Fig.  5 the  drogue  formation  accelerated 
ilownstream.  The  concurrent  di'scending  motion 
indicateii  hy  eij.  (10)  for  steady  flow  is  assunu'd 
reflected  in  the  downstream  lowering  of  the  28C 
and  25K'  isotherms  hetween  sections  M and  .V 
in  Fig.  (>.  For  an  averagi*  lowiTing  of  15  m 
over  50  hours,  the  descending  speed  was  <L0l5 
cm  s at  the  level  of  the  drogues.  Then  for  a 
curvature  of  (I  \.5U  km),  assumed  constant 
with  height.  an<i  a viTtical  shear  of 
the  resulting  \ertieal  ailvection  of  A’  F is 

H(rKj  r fz)  u'K ^{t\  ,iz)  - 0.1  s 10**®  s' 

i\'2) 

'Hus  represents  an  o\  er'esiimat<‘.  since  the  shear, 
corresponding  to  the  disappearing  of  a .surfjue 
current  of  2oo  cm  s at  a 200  m d»  pth.  is  an 
extreme  a.ssiimpt i«)n.  Vet.  the  magnit lah'  of  (12) 
IS  still  an  onler  smaller  than  that  of  the  hori- 
zontal time  change. 

In  'fahle  1.  tlu‘  entry  for  vertical  ndv**ction 
<»f  lateral  sla^ar  is  assumi'd  eipml  to  (12).  Krroi*s 
for  the.se  estimates  are  no  less  than  the  prtihahle 
errors  f>f  • 4iF’„  for  the  larger  term.s  in  'Fable  I. 
F'or  each  estimate  of  A',  or  F.  the  error  is  10%, 
so  that  an  estimate  of.  .say,  the  curvature- 
acceleration  term  entails  a compounding  of 
♦•rrofs  as  m a lunominl  expansion  with  exf>onent 

'I’eHii*  X WII  ti 


'Fable  1.  Estimates  of  the  terms  in  the  equations 
for  curvature  vorticity  ami  lateral  shear  changes 
for  the  Florida  Current 


'F«*rm 

Curvature* 
vort  icity 
(e*et.  H)  ‘ 

(ll»»®  s«) 

Lateral 

.*ehe*ar 

(-1)  (e*ej.  11) 

(l0->®  s*) 

llorizuntal  tinn*  change* 

1.2 

l.U 

Vertie'ul  aelvee*ti«>n 

tU 

U.l 

Banking 

l.U 

l.U 

Divergeaioe 

i.o 

U.2 

( 'urvat  un*-ac(*«*lerut  ion 

u.I 

u.l 

Beta  effeci 

u.l 

'Fwi.st  ing 

V 

4.  Within  these  error  bounds,  it  is  possililo  to 
lialance  the  sum  of  tlie  c<mtri))utions  of  the 
various  terms  in  the  'Fahh*.  Howev<*r.  this  is 
not  don<*:  rather,  the  \iew  of  large  toleranci*  i.s 
adoptt>d. 

'Fwo  ctuiclusions  may  he  drawn  from  'Fable  1. 
'File  first  IS  that  the  Imrizontal  tune  chang(“  (d  ///) 
represints  most  of  the  individual  changes  in 
curvature  and  shear;  la  nce  tliese  changes  are 
adeipiately  r<*\-eal(‘<l  by  changt  s in  a drogia* 
formation.  Second,  the  dominant  mccliani.sm.s 
changing  curvatiin*  vorticity  are  the  banking 
and  divergence  mechanisms,  while  the  banking 
mechanism  is  the  only  important  one  in  lateral 
shear  change.  Fhis  differenci'  follows  directly 
from  the  absence  of  the  ('oriolis  parameter  in 
eij.  (11).  In  curvature  vorticity  change,  vertical 
motion  provided  the  neces.sary  link  in  the  re- 
inforcement observed  Ix'tween  tlie  banking  and 
t lie  divergence  nu'chanisms.  WIutc  vertical 
motion  IS  pre.srnt  in  a sliallow  layer  bounded 
on  tin*  top  by  tin*  sea  surface,  its  magnitude  is 
least  at  tin*  top  so  that  tin*  motion  varies  with 
lieig)it.  Hi’iice,  in  tins  layer  when*,  e.g..  dese»*nd- 
ing  motions  accompany  horizontal  convcrgi  ncc, 
the  pattern  of  descending  motion  tlmt  makc.s 
the  hanking  term  p(»sitivc  als«)  makes  tin*  div(*r- 
gence  term  positive*.  .Accordingly,  as  a parcel 
in  tin*  surfa(*e  layi'r  moved  from  its  initial 
position  in  the  sp<'e<l  axis  at  an  inflection,  tin* 
turning  vorticity  of  tin*  parcc'l  chang(*d  mon* 
rapidly  than  its  lat<*ral  shear.  'Fhus  primarily 
hy  means  of  the  hanking  nn*chanism,  both 
(*onditions  (tl)  and  (7)  are*  fulfilUnl,  and  the 
ol)serv«*d  movement  across  the  spee*<i  axis 
IS  consistent  with  the  constraint  of  potential 
vorticity  conseTvation. 
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Thf  sum  ol’  thf  turning  tnj.  (8)  and  tht*  sli<*ar 
vurtitMty  <*q.  (U)  is  th»'  n‘lativi‘  viaticity  oiiua- 
tion  which,  in  turn,  is  a differential  form  nf  tla* 
CHmservalion  e<j.  (2).  Hence  tlu*  hankiiiK  and 
the  curvatiire-acceloration  meelmnisms  con- 
taiiKHl  in  the  processes  represented  in  (8)  and 
(11)  are  implicit  iti  the  process  that  mamtams 
the  conservation  of  ])ot»‘nlial  vorticity.  Hoth 
agcostroplm*  and  peostnipliic  mechanisms  are 
contained  in  eijs.  (8)  an<l  (H),  and  art*  hence 
implicit  in  tlie  const*rvalion  <*<{.  (-).  '1  hits, 
di'pcndin^  on  tlu*  strength  of  various  mt'cha- 
lusrns.  th»‘  regime  of  jiotential  vorticity  con- 
siTvation  encompasses  a widt*  \*ariet  v of  motion 
systt'ins.  A system  where  the  sign  ot  the  lateral 
shear  may  follow  the  sign  ot  tin*  curvature  is 
one.  .Another  is  the  svst<'m  of  geostr«*phic 
pot(‘iitiul  voii  icity. 

Geostrophic  potential  vorticity 

In  the  idealization  of  geostrophic  current 
where  the  Coriolis  acceh'ration  exactly  balances 
the  horizontal  pr<*ssure  gradient  force,  the 
ageostrophic  comp»inents  of  c<*ntripetal  and 
downstream  accelerations  arc  zero  at  all  times. 
Thus  in  a geostropliic  flow  (V^  T^s),  the 

cqs.  (8)  and  (M)  in  (s,  a.  o.  ()  coordinates  reduce 
respectively  to 

V-V^-  IH  (i:i) 

v-Vp- 

where  all  variahles  are  ('vahiated  along  constant 
(potential)  (leiisity  surfaces.  Wlic'n  the  gc'ostro- 
phic  divergence  is  <*xpn‘ssed  in  terms  of  tlie 
vertical  ihickne.s.s,  h\  of  a parcel  clement.  t)ie 


two  0( 

qimtions 

ran 

then  ho  intogrutod  to  give, 

r<*spe<’ 

t ivoly 

//V- 

c, 

(ir>) 

and 

-(0F 

,'Tn),/r 

C, 

(ih) 

whore 

the  C"n 

arc 

inti'gration  o<*ri.stant.'».  Kip 

(15)  is  often  taken  tw  representing  the  piUential 
vorticity  of  all  parcel  ('lements  in  all  geostrophic 
flows.  In  fact,  cip  (15)  is  limited  to  two  civses: 
the  restricted  one  where  individual  parcels  are 
in  the  geostrophic  spfs'd  axis  and  (he  Hnonialous 


one  where  all  parcels  art‘  without  lateral  slUsir 
and  hence  a ge»»slro])hic  curnnt  of  iritmUe 
latt'ral  extent.  The  latter  is  sometimes  applied 
to  an  idcalizefi  ocean  interior. 

In  general,  tlu*  constant  C\  m e<p  (Ih)  is  not 
zer<>.  For  geostrojihic  anticyclonie  slu*ar  is 
limited  only  hy  the  inertial  stuhilily  of  Uie  flow  , 
according  to  nj<‘rkru*ss  (IJtoJ),  uliile  gei>.s!ro- 
pluc  cyclonic  shear  can  be  larger  than  j.  Thus 
as  long  as  tlie  flow  is  stable,  eq.  (Ih)  slates  that 
the  lateral  shear  of  a parci*l  m geostrophic 
motion  can  imt  change  sign:  that  is.  there  can 
h(‘  no  crossing  of  tlie  spee«{  axis.  Henei*  eqs. 
(ir>)  and  (Hi)  may  h<-  oomlnned.  ()n<‘  comhiiia- 
tion  is 

[j ^ C,  (1") 

\vlii<  li  is  tlio  law  of  consort a(io(i  of  j^ooslrophic 
potential  vorl ieity.  The  lateral  shear  m (17) 
IS  somewhat  iliflerent  from  the  lateral  sliear 
that  Seliinil/.  iisisl  in  his  potential  vorticity 
eniiation.  hut  the  torni  of  his  ei|iiatioii  is 
exactly  that  of  (I7|.  Hence  the  artifact  that 
Schmilit  introdiicetl  i/ito  liis  miHlel  is  the  con- 
straint of  fjcostrophic  halancc  on  cross-stream 
iiiovcincnt . 


Discussion  anti  conclusion 

The  lateral  shear  vorticity  is  the  negative  of 
the  lateral  shear.  Hence  where  the  curvature 
ami  the  lateral  shear  have  the  same  siKin  the 
eorrespoiuimg  vortieities  have  opposite  signs. 
Hut  this  tendeney  to  offset  does  not  mean  that 
the  resulting  relative  vorticity  may  he  taken 
constant  or  zero,  lu  a three-dimensional  flow, 
wliere  horizontal  divergence  does  not  vanish, 
the  relative  vorticity  of  a meandering  parcel 
must  necessarily  change,  neeurtiing  to  eqs. 
(S)  and  (II). 

In  a sluggish  eiirrent,  whi-ther  meandering 
or  not.  the  relative  vorticity  is  small  iMX-aiise 
hoth  the  curvature  and  the  shear  vortieities 
are  individually'  small.  Hut  m a fast,  lueaiuiering 
current  where  curvature  vorticity  is  large,  the 
relative  vorticity  can  reiuam  small  only  when 
lateral  shear  vorticity  of  the  opposite  sign  is 
prose»\t.  Thus  the  eontrihiitioii  of  the  hankmg 
nieehaiiism  to  the  turning  proee.ss  liivs  a two- 
fold effi’ct;  a turning  of  the  current  and  a 
concurrent  damping  of  the  amplitude  of  the 
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n*siiltin^  n*lativ»*  vorti>'ity  A partvl 

t'ntrrm^r  tiu*  Irft  flank  fmm  the  sjxvd  axis  on 
approiu'hin^  an  antu\v<  lonii‘  turn  piins  positive 
(evcUmic)  slioar  vortieily  that  olfstts  j>ait  t)f 
noifatiN*  rur\atun*  vorticity  gainod  in  turning, 
lakiwise.  a jiarctl  filtering  the  right  flank 
from  the  sp<*ed  axis  on  approaching  a cyclonic 
t urn  gams  negative  (anticyclonic)  shear  vorticity 
that  offsets  part  of  the  positivi*  cuivaturo 
vorticity  gairaal  in  turning.  Henc<*,  in  crossing 
the  speed  axis,  a meandering  parcel  is  engaging 
III  the  process  of  keeping  the  magnitude  of  its 
relative  vorticity  change  small. 

In  damping  the  amplitude  of  relat  ive  vorticity 
change,  the  hanking  meclianisin  acts  through 
vi'rtieal  motion  and  hence  through  in<lividual 
cluvngo  in  horizontal  spei*d.  Therefore  the 
amplitude  of  speeil  change.s  is  generally  larger 
than  the  amplitude  of  relative  vorticity  changes. 
•Accordingly,  the  fu*ld  of  relative  vorticity  is 
geiHTally  a poor  indicator  of  the  intensity  of  the 
concurrent  field  of  acceleration  or  of  kinetic 
energy  change.  In  particular,  kinetic  energy 
change  Will  bo  imder<‘stimated  in  a model  using 
geostrophic  relative  vorticity  (Holton,  11)72). 

In  a diagnostic  study  of  a motion  system, 
it  is  desirable  to  exhibit  all  the  important 
mechanisms  at  work.  In  this  sense,  the  choice 
of  poU'iitial  vorticity  con.servation  is  poor 
because  it  repre.sents  the  net,  iiit<'grat«*d  effect 
of  diffenait  mechanisms.  It  is,  of  course,  ii.seful 
to  know  the  net  effect,  hut  of  eviai  more  im- 
portance to  understanding  the  dynamics  of  the 
ocean  is  to  know  what  are  the  <hfferent  mechmi- 
i.sms  and  liow  they  interact  to  achi»*ve  the  net 


effect.  For  only  such  knowledge  will  l«*ad  to 
accurate  prediction.  In  this  context,  it  is  also 
desirable  to  exhibit  the  mechanisms  in  terms  of 
deterministic  laws  rather  than  in  terms  of 
stati.stical  probability.  In  tin*  framework  of 
Keynolds  enuation  of  motion,  an  instantaneous 
motion  field  is  replaced  by  the  sum  of  a mean 
ami  a fluctuation  field.  What  is  not  resolved 
by  the  mean  fu*kl  is  automatically  relegated  to 
the  fluctuation  field  who.se  representation  is 
usually  in  terms  of  Reynolds  stresses.  By 
nature,  tlwse  stre.ssos  an*  statistical,  depending 
on  correlations  of  flow  compomaits.  Hence  to 
the  extent  that  the  inti’raction  process  is 
repres(‘nted  by  Reynolds  stress<*s,  the  d<‘ter- 
ministic  law  govc‘rning  the  process  is  replactni 
by  a statistical  probability.  But  deterministic 
laws  are  more  informative  than  statistical 
probabilities.  Moreover,  such  ]>roci*sses  tis  the 
interaction  between  curvature  and  latc*ral  sh(*ar 
vortieities  can  bt*  significant  contributors  to 
Reynolds  stre.s.ses.  Therefore,  it  is  important 
in  tia*  study  of  interaction  proces.ses  that  wo 
go  b(*yond  the  routine  computation  of  Reynolds 
stres.ses  to  find  the  governing  deterministic 
laws,  as  was  attempted  here  in  the  civse  of  the 
interaction  Ix'tween  curvatun*  and  lat<*ral  shear 
vortieities. 
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Estimation  of  the  Depth  of  Sunlight  Penetration  in  the  Sea 
for  Remote  Sensing 


Howard  R.  Gordon  and  W.  R.  McCluney 


The  penetration  depth  of  liftht  in  the  aea  is  defined  for  remote  sensing  purposes  as  the  depth  above  which 
90%  of  the  diffusely  reflected  irradiance  (excluding  specular  reflectancel  originates  It  is  demonstrated 
that  for  a homogeneous  ocean,  this  is  the  depth  at  which  the  downwelling  in-water  irradiance  falls  to  I/e  of 
its  value  at  the  surface  Penetration  depths  as  a function  of  wavelength  are  presented  for  a variety  of 
water  types,  and  a mean  penetration  depth  f ao  for  a broadband  sensor  is  defined  and  applied  to  the  M,S.S 
on  ERTS-I  The  maximum  i,o  expected  for  ERTS-1  is  found  to  be  somewhat  less  than  20  m. 


Introduction 

A number  of  investigators  are  using  the  Multispec- 
tral  Scanner  Subsystem  (MSS)  on  NAS.A's  Karth  Re- 
sources Technology  Satellite  (ERTS-1)  for  remote 
sensing  of  water  resources,'  In  many  of  these  inves- 
tigations it  is  necessary  to  have  a rough  idea  of  the  ef- 
fective penetration  depth  of  imagery  in  each  of  the 
spectral  bands  employed  by  the  MSS,  Klemas  has 
devised  a slanting  board  with  painted  stripes  chosen 
to  match  the  two  visible  channels  of  the  MSS  and 
calibrated  to  give  a visual  estimate  of  this  penetra- 
tion depth. Other  investigators  use  a white  circular 
disk,  called  a Secchi  disk,  lowered  into  the  water 
until  it  disappears  from  view  in  order  to  obtain  ap- 
proximate information  as  to  the  penetration  of  sun- 
light into  the  water.  The  Secchi  disk  has  been  wide- 
ly employed  in  oceanography  for  the  estimation  of 
water  transparency.  In  this  paper  we  will  define  a 
penetration  depth  that  can  be  directly  determined 
from  in-water  irradiance  measurements.  This  pene- 
tration depth  is  applicable  to  oceanic  sensing  in  areas 
in  which  the  water  is  sufficiently  deep  that  reflection 
from  the  bottom  does  not  contribute  to  the  diffuse 
reflectance  observed  above  the  surface. 

Panalration  Depth  (Approximate  Theory) 

An  approximate  theory  of  the  penetration  depth 
can  be  easily  effected  using  the  quasi-single-scatter- 
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ing  approximation-’  to  the  radiative  transfer.  In  this 
approximation,  single  scattering  equations  are  used 
throughout,  but  the  beam  attenuation  coefficient  c is 
everywhere  replaced  by  c(l  - wof ),  where  wo  is  the 
ratio  of  the  scattering  coefficient  b to  c,  and  F is  the 
fraction  of  b scattered  in  the  forward  direction. 
Now,  consider  a layer  of  ocean  water  of  thickness  z il- 
luminated by  collimated  irradiance  Ho  from  th-  ze- 
nith. Then  the  radiance  iVjt^i  ) due  to  this  layer  (ex- 
cluding specular  reflection  from  the  surface)  leaving 
the  ocean  surface  making  an  angle  cos"'(/i')  with  the 
zenith  is  given  by 


.V.(n')  = 


r(b,M')  p. 


P(-ti)r 


<A>0 


n(n  + Irl  M 1 " wiq/* 

X {1  - exp(-2c(l  - uijPHl  * n)/y]),  (1) 


where  n = refractive  index  of  water; 

TtM.b’l  = Fresnel  transmittance  from  an  angle 
cos  *(^)  tocos  Mb'); 

Pi-fi)  - phase  function  for  scattering  through  an 
angle  cos~  ’(b)  from  the  incident  beam, 
b^  = 1 - n-(l  - b'^)  (i-e-i  Snell's  law). 


We  now  define  the  effective  penetration  depth 
[z9o(b')|  for  each  emerging  angle  cos*‘(b')  as  the 
layer  thickness  from  which  90%  of  the  total  radiance 
originates,  i.e., 

= 1 - exp|-cz,o(b'Hl  - iboFHl  *■  b)'bl 

or 

z„(b')c(l  - UoP)  = 2.30b  (I  * b). 

Butcd  - woT)  is  just  the  quasi  single-scattering  ap- 
proximation to  K (0,-),  the  attenuation  coefficient  o( 
downwelling  irradiance  just  beneath  the  surface’  so 
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Fig  1 RJH^  for  layers  of  optical  thickness  r.  The  parameter 
next  to  each  curve  is  uio.  rgo  is  the  value  of  r for  which  R ,1H  m = 
0.9. 


e,o(M')A'(0.-)  2.30p/(l  * p).  (2) 

Direct  substitutior.  into  Eq.  (2)  shows  that 
Z3o(u')f^ (0,-)  is  almost  independent  of  p',  and  in 
fact 

e,i)(p')A'(0,-)  ^1.  (3) 

The  near  independence  of  egoip')  and  p'  suggests  an 
alternate  definition  of  the  penetration  depth  that  is 
independent  of  p'.  This  is 

= 0.9. 

where  /?,  is  the  diffuse  reflectance  of  the  ocean  due 
to  a surface  layer  of  thickness  z and  ts  given  hy 

A,  = 2tt  r A',(p')p'r/p'.'//j 
•'0 

for  an  axisymmetric  incident  radiance  distribution. 
It  is  clear  that  in  the  quasi-single-scatlering  approxi- 
mation, 

r„A'(0,-)  ^ 1.  (3') 

Comparison  of  Eq.  (3')  with  Exact  Calculations 

In  studying  the  inlluence  of  a reflecting  hotlom  on 
the  diffuse  reflectance  of  the  ocean,  (Jordon  and 
Brown'  have  computed  /( , (where  r = re  is  the  opti- 
cal depth)  using  Monte  Tarlo  techniques  as  a func- 
tion of  r for  the  three  scattering  phase  functions 
given  in  Ref.  3.  They  have  also  computed'’  K (r.-)/c 
for  the  same  phase  functions,  so  it  is  possible  to  com- 
pare Kq.  (3')  with  the  results  of  their  exact  calcula- 
tions. 

To  effect  such  a comparison,  ron  is  first  determined 
by  plotting  /?,//?.  against  r for  each  phase  function 
and  various  values  of  a'o.  An  example  of  this  for 
phase  function  fl  ' is  shown  in  Fig.  1,  r.i,,  can  he  read 
directly  from  the  curves  tor  eai  h value  of  p,,  (e  g., 
from  Fig.  1 r.1,1  a 1 for  pu  = 0.2).  Then  since  r,,,,  = 
erso. 


.2  .3  .4  .5  .6  .7  .8  .9 


Fig.  2.  Comparison  of  K (0,— Uso  wilh  unity  as  a function  of  u*o 
for  the  three  phase  functions  for  the  case  of  collimated  incident  ir- 
radiance  from  the  zenith  and  for  perfectly  diffuse  incident  irra- 
diance  (phase  B (diffuselj. 


T,jA-(0,-)/cl  = r,oA'(0,-) 

is  formed  and  compared  to  unity.  The  result  is 
shown  in  Fig.  2 for  the  three  phase  functions  A.  B. 
and  C with  collimated  incident  irradiance  from  the 
zenith  (top  three  curves)  and  an  incident  field  of 
completely  diffuse  irradiance  (labeled  phase  B (dif- 
fuse)) to  simulate  skylight.  It  is  seen  that  Eq.  (3')  is 
satisfied  to  within  ±10A),  even  accounting  for  the 
complete  effects  of  multiple  scattering  a.s  well  as  sky- 
light in  the  incident  irradiance.  This  of  course  indi- 
rectly implies  the  validity  of  Fiq.  (3).  Hence  we  can 
conclude  that  in  a homogeneous  ocean  the  depth 
above  which  90“;i  of  the  diffusely  reflected  radiance 
originates  is  l//s'(0,— ) or,  more  generally,  the  depth 
at  which  the  downwelling  irradiance  falls  to  1/e  of  its 
value  at  the  surface.' 

Applications 

F'rom  the  work  of  Preisendorfer'  it  is  readily  shown 
that 

rr(g)  - A'(r,-), 

where  a(:)  is  the  absorption  coefficient  of  the  medi- 
um at  depth  z Applying  this  to  the  present  case  of  a 
homogeneous  ocean  we  find 

Zso  - 1 e. 

and  hence  the  maximum  penetration  depth  is  the  in- 
verse of  the  absorption  coefficient  of  the  medium 
(i  e.,  the  absorption  optirnl  depth). 
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Fip  a functittn  o/  h/o  fi>r  fun<  tjnns  .4  and  T.  fur 

CollimattKi  incident  irradiance  frtim  the  /♦■mlh.  and  an  incident 
field  of  perfectly  diffuse  irradiaiue  (identifu*d  by  the  subscript  d ). 


To  demonstrate  the  relative  influeiu’e  of  absorp- 
tion and  scatteriiiK  on  Jao.  Fig.  d (jives  (hi  units 
of  I /a  ) as  a funetion  of  the  ratio  of  scattering  to  ab- 
sorption for  phase  functions  .A  and  C for  both  colli- 
mated incident  irradiance  from  the  zenith  and  an  in- 
cident field  of  uniform  radiance  (identified  h\  the 
subscript  dl  It  is  seen  that  for  b ^ 0,  Zso  for  the 
collimated  cases  is  l a,  while  for  diffuse  incidence 
Zso  ^ O.S/a.  Increasing  b/o  from  0 to  20  (keeping  a 
fixedi  changes  j.„,  by  only  a factor  of  2-.'l,  while  the 
turbidity  of  the  water  tcl  increases  by  a factor  of  20. 
•Also,  note  that  increasing  n by  a factor  r.  decreases 
zso  by  a factor  n.  and  so  variations  in  a have  a much 
stronger  inlluence  on  than  do  variations  in  b 
(1/c  is  also  plotted  on  Kig.  2 and  is  evidently  a pinir 
estimate  of  the  (lenetration  de(ith  except  in  the  trivi- 
al case  b = 0.)  Hence  we  see  not  only  that  the  limit- 
ing penetration  de|ith  is  given  by  1,'a,  but  that  in 
most  cases  the  penetration  dejith  will  he  determined 
to  a large  part  by  the  absorption  coelficient  alone 
Jerlov*  has  classified  oceanic  and  coastal  water 
types  on  the  basis  of  their  irradiance  attenuation 
coefficient  spectra  These  spectra  provide  the  neces- 
sary information  to  determine  z.j,i  as  a function  of 
wavelength  |c  i<,(M)  for  various  water  types.  The  re- 
sult of  this  determination  is  shown  in  Fig  t where 
the  Homan  numerals  refer  to  .lerlov's  oceanic  water 
types  and  the  Arabic  numerals  to  his  coastal  water 
types.  For  type  1 water  (for  example,  the  ."sargasso 
Sea)  the  maxiimini  is  about  T,b  m near  i~b  nm, 
while  for  t\(ie  0 coastal  water,  the  maximum  z.„i  is 
onlv  about  i .'i  m at  (iiHI  nm.  The  shift  of  the  wave- 
length ol  m.ivihiiim  pci.etratioi.  toward  the  red  is  due 
to  |)rogre-.si\cK  higher  concent  rations  of  the  so- 
called  Vellow  suhst. lilies'"  Oi.it  are  ch.irai  lerislic  of 
decaving  organic  material  and  absorb  strongly  in  the 
blue. 


There  are  two  reasonable  ways  to  define  the  mean 
penetration  depth  for  broad  wavelength  band  sensors 
such  as  the  MSS  on  KRTS-I.  I'he  first  is  to  inte- 
grate Kq.  (I)  over  wavelength  and  angle  and  define, 
in  analogy  to 

the  mean  penetration  depth,  Zgu  as  the  value  of  z for 
which 

J"  J ’e;(ii,n',A){i  - cxp|-zA.',(o,-)(i  ->  u)/ 

= Q.9f'f'c(ti.u',y)n'd\du', 

Vo  Vij 


where 

C(p,p',A) 


AH^ 

n(n  + 1)‘  1 M 1 ” (*>oF* 


or 


I 

= 0.1  I I (t(4,ii',A)|,'i/xdu  . 

VO  Vi, 


Now  t(i  -t-  l)/(j  in  the  exponent  varies  from  2 to  2..'S12 
as  ji'  varies  from  1 to  0,  and  if  we  replace  tii  + D/fi  by 
its  mean  (2.26),  assuming  Ho  is  independent  of  wave- 
length. we  find 


f*’fi.tX)  exp|-zK.tO.')2.26liA  = 0.1  f ' fi.(x)iA,  U) 
v>,  -'ll 


which  can  be  solved  by  trial  and  error  for  z (=  zii,,) 
given  R .(X)  and  K \ (0,- ). 

In  the  second  method,  Z90  is  weighted  at  each 
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Tab!a  I.  Mean  Penetration  Depths  in  Meters 
for  CRTS'l  MSS  Bands 


Haiul  4 

Band  .5 

Location 

(.500-800  nm) 

(COO-riXInm) 

Crater  Luke 

IS. .5 

2.7 

San  Vicente  Reservoir 

1.9 

1..5 

wavelength  by  the  upwelling  irradiance 
i.e., 

•'ll  ' 

SO  that  penetration  depths  at  those  wavelengths  for 
which  the  upwelling  irradiance  is  large  contribute 
strongly  to  igo.  If  we  again  assume  Hn  is  indepen- 
dent of  wavelength,  this  reduces  to 

Ijo  = f ' (5) 

•^‘1  ' -'‘1 

Jerlov  does  not  give  H in  his  classifications,  so 
neither  Eqs.  (4)  nor  (5)  can  be  used  to  compute  rao 
for  the  water  types  in  Fig.  4.  Tyler  and  Smith"  how- 
ever have  measured  the  in-water  fetlectance  function 
/?  (r,  — ) as  a function  of  for  various  waters,  and  to  a 
very  good  approximation  the  spectrum  of  Riz,-  ) for 
small  2 differs  from  th.at  of  W , by  a wavelength  inde- 
pendent constant.  (Hcmember  that  specular  reflec- 
tance from  the  sea  surface  is  not  included  in  ff..l 
Hence  R ^ in  Eqs.  (4*  and  (5)  can  be  replaced  by 
R iz,  — ),  where  r is  near  the  surface  iz  ~ few  meters), 
and  the  Tyler  and  Smith  measurements  may  then  be 
used  to  determine  iyo  f<ir  the  broadband  .M.S.S  on 
ERTS-1. 

The  sensors  of  interest  view  the  ocean  in  the  ,100 
600-nm  band  (MSS-4)  and  the  600-700-nm  band 
(MSS-,1).  Using  the  data  presented  by  Tyler  and 
Smith  for  Crater  Lake  and  San  Vicente  Re.servoir,  it 
is  found  that  Eqs.  (4)  and  (.1)  yield  identical  values  of 
l<fo  to  within  about  3%.  These  are  tabulated  in 
Table  I.  The  Crater  Lake  iso’s  probably  represent 
the  largest  penetration  depths  obtainable  with 
ERT.S-I,  since  the  lake  is  known  to  have  ofttical 
properties  similar  to  the  .Sarga.sso  ■Sea''*  and  has  been 
called  the  “natural  analog  of  distilled  water. The 
San  Vicente  Reservoir  on  the  other  hand  contains 
vast  quantities  of  phyto|)lankton  and  rooplankton,  is 
quite  turbid  (c  = 3.12  m"'  at  ,5.30  nm).  and  hem-e  its 
rod's  in  Table  II  are  probably  among  the  smallest 
ER'I'S  1 penetration  depths. 

We  wish  to  emphasize  here  that  for  a given  wave- 
length, r.,0  is  the  depth  at  which  the  di'wnwelling  ir- 
radiance falls  to  1/e  of  its  value  at  the  ^iirtace  and 
can  be  determined  only  through  direct  measurements 
with  an  irradiance  meter,  i.e..  through  measurements 
made  in  the  water.  Furthermore,  for  broadband 
.sensing  systems.  i<n,  can  be  determined  onlv  from 
spectral  irradiance  measurements  of  the  tv|)e  pre- 
sented m Ref.  I 1.  .\  rough  estimate  of  Co,,  lor  bands 
4 ,ind  .’>  can  be  obl.iined.  howeter.  by  measuring 
I \i.  where  \ = .'cJ.'i  nm  for  cle.ir  w.i'.er  ,ind  .''1.5  nm 
for  turbid  w.iter  in  band  4,  and  = li.50  nm  lor  both 


clear  and  turbid  water  in  band  5,  For  these  wave- 
lengths, Z9o(X)  equals  the  penetration  depths  in 
Table  I. 

Conclusions 

Tbe  penetration  depth  of  light  in  the  sea  has  been 
defined  for  remote  sensing  purposes  as  that  depth 
above  which  90%  of  the  diffusely  reflected  irradiance 
(excluding  specular  reflectance)  originates.  It  is 
demonstrated  that  for  a homogeneous  ocean,  this  is 
the  depth  at  which  the  downwelling  in-water  irra- 
diance falls  to  1/c  of  its  value  at  the  surface.  This  is 
then  used  to  show  that  Zhq  >s  for  the  most  part  con- 
trolled by  the  absorption  coefficient  of  the  medium. 
Penetration  depths  as  a function  of  wavelength  are 
presented  for  a variety  of  water  types,  indicating  that 
a maximum  penetration  depth  of  about  ,55  m near 
475  nm  can  be  expected  in  the  clear  water  of  the  Sar- 
gasso Sea.  A mean  penetration  depth  for  broadband 
sensors  is  defined  and  applied  to  the  MS.S  on  F'RTS- 

I showing  the  maximum  mean  penetration  depth  ex- 
pected for  band  4 is  somewhat  less  than  20  m,  while 
for  band  5 the  result  is  about  2 m. 
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Progress  in  Oceanography,  Volume  6.  Edited  by  B.  A. 

Warien.  Fcigamon  Piess,  New  Voik,  1973.  193  pages. 

Handbound. 

This  most  recent  addition  to  the  Piogress  in  Oceanography 
series  begun  in  1963  is  a collection  of  longer  papers,  mostly 
on  observational  studies  of  ocean  currents  and  circulation. 
^^any  physical  oceanograpbers  have  been  aware  of  these 
studies,  but  ha\e  not  previously  had  convenient  access  to 
details.  .Ai tides  of  particular  interest  to  marine  and  global 
meteorologv,  including  current  interest  in  the  role  of  the 
ocean  in  climate,  relate  to  the  equatorial  current  systems 
atid  the  response  of  ocean  thermal  structure  to  atmospheric 
exchange. 

The  only  contribution  w’ith  substantial  theoretical  or 
mathematical  content  is  a presentation  by  M.  C.  Hendershott 
of  a niaihematical  theory  of  scattering  by  baihvmeiric  fea- 
tures of  barotropic  tidal  energy  into  internal  modes,  and 
its  observational  testing  near  the  diurnal  ineitial  latitude 
(30®).  I he  model  development  is  straightforward,  but  com- 
plex. As  happens  all  too  frequently  in  oceanography,  a sharp 
result  is  not  possible  because  of  the  problems  of  acquiring 
an  adequate  data  base. 

Two  contributions  address  observations  of  the  equa- 
torial current  systems  of  the  Pacific.  Y.  Magnier,  H.  Rotschi, 
P.  Rual.  and  Colin  describe  current  measurements  taken 
l>elwe(  II  4®S  and  4'N  on  170®E  during  1967-8.  on  a series  of 
cruises  called  tbe  “Cyclone”  cruises.  The  temporal  and  spatial 
patterns  observetl  in  the  Equatorial  Current,  the  North 
Equatorial  Countercurrent,  and  the  Equatorial  Undercur- 
rent found  in  the  Western  Pacific  are  presented  in  a set  of 
detailed  figures.  Although  the  method  employed  doc's  not 
provide  absolute  mcasuiements.  careful  evaluation  of  the 
evideiue  suggests  a dual  core  structuie  of  the  Equatorial 
I'ndercurient  in  this  region  as  distinguished  fiom  the  single 
core  previously  obseived  in  the  central  Pacific,  and  a west- 
ward flowing  deep  equatorial  current  lying  beneath  the 
Fquatoiial  rmlercurient.  \ companion  article  by  B.  Taft 
and  J.  II.  Jones  describes  measurement  of  the  Equatorial 
rndenunent  in  the  eastern  Pacific  during  the  Piquero 
F.xjH’dition  (june-.\ugust,  1969).  On  this  expedition  ob- 
servatinns  of  currents  and  water  properties  were  made  from 
shipl)oaid  across  and  along  the  equator  between  8I®W  and 


11.5'W.  Evidence  for  a double  core  in  the  undercurrent  is 
found  heie  also,  but  it  appears  unlikely  that  it  is  directly 
related  to  that  found  in  the  western  Pacific.  Probably  the 
most  interesting  aspect  of  this  contribution  is  that,  in  com 
parisnii  to  earlier  observations,  it  suggests  an  inverse  corre- 
lation between  undeicuircnt  transport  and  the  strength  of 
the  trade  winds.  'Taken  together,  these  two  contributions 
amplv  portray  the  complexity  of  temporal  and  spatial 
variation  of  the  equatorial  curieru  systems. 

In  a most  timely  and  useful  contribution,  I).  F.  Bumpus 
dc'stribes  tbe  circulation  on  the  I’.S.  .-\tlantic  continental 
shelf.  It  is  unfortunate  that  the  charts  which  are  the  mc'at  of 
the  article,  showing  the  average  currents  at  the  surface  and 
iMMtorn  as  inferred  from  use  of  I.agrangian  drift  devices,  are 
ledutccl  in  si/c  almost  to  the  point  of  illegibility.  They  de- 
serve better  rendition,  but  much  of  the  information  thereon 
is  available  elsewhere.  Much  valuable  material,  which  is 
not  effectively  collectc’d  elsc*where.  is  to  be  found  in  Bumpus' 
distillation  of  information  gathered  during  many  years  of 
rc'sc'aich  In  (bis  region.  This  chapter  alone  should  estab- 
lish the  bo(»k  as  a useful  reference  in  coastal  oceanography 
ferr  some  time  to  c<»me. 

The  concluding  article,  by  T.  .Sankev.  describes  con- 
vective processes  in  the  western  Mediterranean  Sea.  especially 
tbe  observatiems  made  during  the  international  MEDOC 
campaigns  in  1969 -7t).  In  this  opcraticm,  detailed  observa- 
tions were  made  of  deep  penetrative  convection  forced  by 
loss  of  buovanev  of  surface  water  due  to  cooling  and 
c'vapoiation.  espcciallv  under  tire  influence  of  the  mistrals. 
As  opposed  to  upwelling.  for  instance,  this  process  has 
Irarl  lelative'y  little  study  in  recent  years.  The  observations 
re|w>rted  here  are  panic  ularlv  interesting  to  those  con- 
cerned with  svnopiic  stale  sea-air  interaction,  and  provide 
guidance  as  to  the  kind  of  observations  required  to  document 
the  piocess  in  other  parts  of  (he  cxean. 

.\s  suggested  bv  the  date's  mentioned,  none  of  the  mate- 
rial preser>ted  iti  (he  lKH>k  is  veiv  new'.  For  the  most  part, 
selc'ctc'd  aspc'cts  of  the  work  have  bc’en  reported  elsewhere, 
but  the  periodical  literature  does  not  permit  the  extensive 
graphic  detail  that  is  contained  here.  The  l)Ook  is  an  im- 
(Mutant  one  for  tire  oceanographic  library,  and  a useful  one 
for  the  specialist  in  tropical  oceanography  or  coastal  circu- 
lation.--Oona/d  Hansen 
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ABSTRACT 


During  the  period  April-June  1974,  three 
oceanographic  cruises,  denoted  6,  7,  and  8, 
were  made  by  the  NOAA  ship  Ferrel  in  the  New 
York  Bight.  The  objective  of  the  cruises  was  to 
supply  data  to  provide  a base  for  analysis  of  the 
water  movements  on  the  highly  impacted  ecosystem. 

This  report  presents  the  corrected  physical  and  chem- 
ical data  from  these  cruises  and  describes  the 
parameters  measured,  the  measurement  methods,  and  the 
corrections  applied  to  the  data. 

Key  \Jords:  MESA,  New  York  Bight,  Physical  Oceano- 

graphic Data,  Nutrient  Data 

1.  INTRODUCTION 

During  1973,  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  began  an  intensive  investigation  of 
the  marine  ecosystem  of  New  York  Bight.  This  project  is 
the  fir-’t  regional  project  of  the  Marine  Ecosystem  Analysis 
(MESA)  program  and  includes  a data  collection  phase  in 
each  of  the  major  oceanographic  disciplines  of  biology, 
geology,  chemistry,  and  physics.  The  prime  purpose  in  this 
field  pJ'ase  is  to  provide  baseline  data  on  existing 
conditions  and  mechanisms  from  which  changes  in  the 
environment  can  be  analyzed  and  guidelines  for  future 
assessment  of  man-produced  activity  in  the  marine  environ- 
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ment  can  be  developed.  The  direct  measurement  program, 
based  on  a total  of  43  current  meters  at  12  stations,  was 
designed  to  provide  data  on  the  time  and  space  scale 
of  water  motion  in  the  apex  and  to  test  the  circulation 
hypothesis  proposed  by  Charnell  e^  a^.  (1972) . 

To  supplement  these  data,  a series  of  cruises  was 
planned  that  would  provide  data  on  density  and  quality  of 
water  in  the  apex.  The  cruises  were  designed  to  coincide 
with  the  transits  of  the  Earth  Resources  Technology  Satellite 
(ERTS) . These  remotely  sensed  data  were  to  help  in  an 
evaluation  of  the  potential  for  satellite  monitoring  of 
water  quality  changes  in  near-surface  waters  (cf.  Charnell 
and  Maul,  1973,  and  Charnell  e;t  aj^.  1974). 

From  August  to  November  1973,  NOAA  conducted  the  first 
five  of  these  cruises.  These  water-sediment  chemistry 
(WSC)  cruises  consisted  of  25  stations  that  were  occupied 
on  an  approximately  monthly  basis  by  the  NOAA  ship  Ferrel . 
Results  of  these  cruises  were  reported  by  Hazelworth  et  al . 
(1974).  From  April  to  June  1974,  NOAA  conducted  an  ad- 
ditional three  cruises,  covering  the  same  25  stations  (fig,  1) 
again  aboard  the  NOAA  ship  Ferrel . Cruise  dates  are  given 
in  table  1.  Those  staff  members  who  participated  in  the 
field  worlt  are  also  listed  in  table  1.  The  sampling  program 
was  similar  to  the  one  used  during  the  first  five  cruises. 
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Table  1. 


Water-Sediment  Chemistry  Cruises  by  the  NOAA  Ship  Ferrel 


Cruise  Date  AOML  personnel 


6 

April  16-20,  1974 

R. 

Starr 

ERTS  Day,  April  20 

G. 

Berberian 

D. 

Segar 

7 

May  6-9,  1974 

R. 

Starr 

ERTS  Day,  May  8 

G. 

Berberian 

L, 

Keister 

8 

June  10-13,  1974 

J. 

Hazelworth 

ERTS  Day,  June  13 

D. 

Segar 

M. 

Weise Iberg 

6 


Station  7 occupied  twice 


7 Station  7 occupied  twice 

Station  16  no  data  available 
Station  21  no  data  available 
Station  22  no  data  available 
Station  23  no  data  available 


8 


Station  3 occupied  twice 
Station  7 occupied  twice 


d 


Only  the  physical  and  nutrient  data  obtained  from 
the  water  column  measurements  on  these  three  cruises  are 
presented  in  this  report.  Water  samples  were  also  taken 
for  other  chemical  analyses,  but  will  be  the  subject  of 
a separate  report. 

2 . INSTRUMENTATION 

The  primary  instrument  used  aboard  the  Ferrel  for 
water  column  sampling  was  the  Inter  Ocean  Model  513-10  CSTD, 
with  added  sensors  for  measuring  turbidity,  dissolved  oxygen, 
pH,  and  Redox  (Eh) . The  system  is  equipped  with  a digital 
display  to  monitor  sensor  functions  during  a cast.  Data 
from  the  sensors  were  logged,  one  set  per  second,  on  a 
Kennedy  magnetic- tape-recording  system.  As  a backup 
system,  the  data  were  also  printed  out  on  a strip  chart, 
in  engineering  units,  by  a digital  recorder.  The  ship 
was  also  equipped  to  collect  water  samples  by  means  of 
Niskin  bottles  with  attached  reversing  thermometers.  Ship's 
position  was  usually  determined  by  Raydist,  although  horizon- 
tal sextant  angles  or  radar  were  occasionally  used. 

The  manufactures  specifications  on  the  sensors  are 
as  follows; 

(a)  Depth,  OtoSOOm,  ±lm, 

(b)  Temperature,  -5°  to  45°C,  + 0.02°C, 

(c)  Conductivity,  0 to  65  m mhos,  + 0.05  m mhos. 
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(d) 

Salinity,  0 to  40 

°/oo,  + 

0.05 

°/ oo  1 

(o) 

Turbidity,  0 to  100  percent,  + 
transmission , 

3- percent 

(f) 

Dissolved  oxygen, 

0 to  20 

ppm, 

+ 0.2  ppm 

(g) 

pH,  2 to  12  pH,  + 

0.1  pH, 

and 

(h) 

Redox  (Eh) , -2  to 

+ 2 V,  + 

5 mV 

Time  constants  for  most  of  the  sensors  are  relatively 
short,  varying  between  10  and  400  ms.  Exceptions  are 
oxygen,  which  has  a time  constant  of  10  s,  and  salinity, 
which  has  a time  constant  of  1.4  s,  caused  by  the  use 
of  slow-response  thermistors. 

The  sensor  package  was  calibrated  by  the  Coast 
Guard  Instrumentation  Center,  Washington,  D.C.,  in 
February  1974.  Periodic  calibration  checks  were  made, 
on  site,  by  the  National  Oceanographic  Instrumentation 
Center  (NOIC)  between  cruises. 

3.  DATA  COLLECTION 

The  normal  plan  of  daily  operations  was  to  occupy 
six  to  nine  stations  each  day,  depending  upon  weather, 
depth  of  water,  and  travel  distance.  At  each  station, 
the  sensor  package  was  lowered  to  just  below  the  water  sur- 
face, and  readings  were  logged  from  the  digital  readout 
for  each  sensor.  The  sensor  package  was  then  lowered  to  the 
bottom  at  a rate  of  about  6 m/min,  slow  enough  to  permit 
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the  sensors  to  respond  to  gradients  existing  at  the  time. 
Another  set  of  readings  was  taken  at  the  bottom.  The 
sensor  package  was  then  raised  to  the  surface,  stopping 
to  take  readings  and  samples  at  10-m  intervals. 

Water  samples  were  taken  at  the  surface,  at  the  bottom, 
and  at  10-m  intervals  by  using  Niskin  bottles.  Reversing 
thermometers  were  used  to  record  temperature  near  the 
surface  and  bottom.  These  temperature  data  were  sufficient 
to  check  the  accuracy  of  the  temperature  sensor  and  to 
compute  a correction.  In  addition,  water  samples  were  drawn 
and  analyzed  for  dissolved  oxygen,  salinity,  pH,  and  Eh. 

These  data  were  used  to  check  the  accuracy  of  the  sensors 
and  when  necessary  to  compute  calibrations. 

At  each  sample  depth,  a water  sample  for  nutrient 
analysis  was  drawn  into  an  aged  125-ml  plastic  bottle 
with  polyseal  cap  and  was  then  immediately  frozen.  Other 
^^/.^ter  samples  were  filtered,  with  both  the  filtrate  and  the 
filter  pad  saved,  by  freezing,  for  various  chemical  analyses. 
At  the  end  of  each  cruise,  the  samples  were  transported 
in  freezer  chests,  packed  with  dry  ice,  to  a freezer  at  the 
Atlantic  Oceanographic  and  Meteorological  Laboratories  (AOML; 

4.  DATA  PROCESSING 

After  each  cruise,  the  raw  data  tapes  were  returned 
to  AOML  for  processing.  In  general,  only  the  down-cast  data 
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were  used.  During  cruise  WSC-8/  a power  fluctuation  caused 
the  loss  of  data  during  part  of  the  down-cast  on  station  22. 

In  this  case,  data  from  the  up-cast  were  substituted. 

Noise  pulses  were  apparent  in  the  original  data, 
caused  in  part  by  power  fluctuations  and  intermittent 
instrument  noise  associated  with  a faulty  digitizer. 

This  noise  was  removed  by  separate  numerical  filters 
during  the  computer  processing.  First,  the  data  were  passed 
through  a gate  filter  which  eliminated  extreme  unrealistic 
values.  Next,  the  data  were  passed  through  a gradient 
filter  which  eliminated  noise  spikes.  Last,  each  parameter 
was  plotted  against  depth  and  visually  examined;  any  spikes 
which  had  been  missed  by  the  first  two  filters  were  re- 
moved during  the  final  computer  run. 

To  the  extent  possible,  all  sensor-measured  parameters 
were  checked  for  accuracy.  Depth  was  compared  to  the 
meter-wheel  reading  at  the  winch,  during  casts  having  no 
wire  angle,  and  appeared  to  be  accurate  within  1 m. 

Salinity  could  be  determined  by  two  methods.  Salinity 
values,  as  computed  by  the  instrument,  were  recorded  directly. 
Salinity  also  could  be  computed  from  the  measured  temperature 
and  the  conductivity  value.  After  each  cruise,  salinity 
values  were  determined  from  the  water  samples  using  a 
Plessey  6220  salinometer.  The  two  separately  measured 
salinity  profiles  were  plotted  and  compared  with  the 
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salinity  values  from  the  water  samples.  The  sensor-recorded 
salinity  values  were  inconsistent  and,  therefore,  are  not 
reported  herein.  This  poor  result  for  directly  recorded 
salinity  is  caused  by  the  long  time  constant  of  the  salinity 
sensor.  On  the  other  hand,  the  salinity  values  computed 
from  the  temperature  and  conductivity  gave  acceptable  results 
because  the  temperature  thermistor  has  a time  constant  com- 
parable to  that  of  the  conductivity  sensor. 

Computed  salinity  values  compare  well  with  the  salinity 
determined  from  the  water  samples.  The  correction  required 
was  constant  for  each  cruise.  For  cruise  WSC-6,  the  correc- 
tion factor  was  -0.37  cruise  WSC-7  was  -0.36  °/oo» 

and  for  cruise  WSC-8  was  -0.44  °/oo*  The  final  recorded 
salinity  values  with  corrections  applied  are  considered 
accurate  to  within  ± 0.05  °/oo- 

During  each  cruise,  reversing  thermometers  were  attached 
to  the  surface  and  bottom  Niskin  bottles.  For  cruise  WSC-6, 
the  mean  difference  between  the  bottom  reversing  thermometers 
and  temperature  sensor  was  0.02°C.  For  cruise  WSC-7,  the  mean 
difference  between  top  and  bottom  reversing  thermometers 
and  temperature  sensor  for  all  stations  was  0.02°C.  For 
cruise  WSC-8,  the  mean  difference  was  0.04°C.  Only  for 
cruise  WSC-8  was  the  correction  factor  applied. 

Eh  values  were  recorded  during  all  cruises.  However, 
no  Eh  meter  was  available  during  cruise  WSC-6  to  check  sensor 
readings  against  water  samples.  Thus,  no  values  are 


presented.  During  cruises  WSC-7  and  WSC-8,  an  Eh  meter  was 
available  and  a reading  was  made  on  all  water  samples. 

Whenever  there  was  a constant  difference  between  the  sensor 
and  water  sample  readings  at  all  depths  at  a station,  a 
correction  (assuming  the  water  sample  readings  were  correct) 
was  applied.  Otherwise  the  sensor  readings  were  discarded. 

For  cruise  WSC-7,  a constant  correction  factor  of  -0.7  mV 
was  applied  to  all  values  which  were  accepted  after  filtering. 
During  cruise  WSC-8,  all  Eh  values  were  accepted.  The 
first  day's  values  had  a correction  of  -0.34  mV  applied, 
but  the  second  and  third  days  readings  needed  no  correction. 

All  recorded  values  are  believed  to  be  well  within  manufactur- 
ers' specifications. 

During  cruises  WSC-6  and  WSC-7,  no  oxygen  probe  values 
were  recorded.  After  cruise  WSC-7,  it  was  discovered  that 
the  common  bus  of  the  Model  514  DM  Display  had  a 5-V  ground 
to  the  chassis.  Recorded  values  for  these  cruises  are 
from  the  water  samples.  The  surface  and  10-m  values  for  cruise 
WSC-6  are  above  accepted  saturation  levels,  but  a recheck 
of  the  chemical  procedure  and  standardization  chemicals 
indicates  no  source  of  error.  Dissolved  oxygen  was 
recorded  and  is  presented  for  cruise  WSC-8.  A constant 
correction  factor  of  +0.088  ml/i  was  applied.  It  was  noticed 
tiiat  the  ship,  while  maneuvering  in  the  vicinity  of  the 
station,  churned  up  the  water  and  introduced  large  amounts 
of  small  air  bubbles.  On  occasion,  the  sensor  package  passed 
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through  this  disturbed  water.  On  stations  21,  22,  17,  18,  4, 
3,  11,  and  12,  near-surface  dissolved  oxygen  values  vary  be- 
tween 6.54  and  7.44  ml/1.  Saturation  points  at  these  temper- 
atures and  salinities  vary  between  5.70  and  6.00  ml/1. 
Apparently,  the  air  bubbles  adhere  to  the  oxygen  sensor,  caus- 
ing an  above  normal  reading.  As  the  sensor  is  lowered,  the 
bubbles  wash  away.  By  about  10  m,  the  sensor  is  recording 
correctly.  With  the  exception  of  the  above  casts,  after  the 
correction  factor  is  applied,  all  oxygen  values  fall  well 
within  instrument  specifications. 

pH  has  always  exhibited  an  erratic  behavior.  On 
cruise  WSC-6,  individual  station  corrections  were  computed. 
Some  stations  were  discarded  because  no  reliable  correction 
could  be  computed.  On  cruise  WSC-7,  a depth-dependent  linear- 
regression  equation  was  computed  as  a correction  factor. 

On  cruise  WSC-8,  a constant  of  -0.41  was  computed  as  a 
correction  factor.  The  accuracy  of  the  pH  values  varies  from 
cruise  to  cruise.  For  cruise  WSC-6,  all  data  fall  within  an 
accuracy  of  ± 0.1  pH.  On  cruises  WSC-7  and  WSC-8,  it  is 
estimated  that  70  percent  of  the  observations  are  within 
+ 0.2  pH.  Even  this  is  misleading;  further  analysis  indicates 
that  on  cruise  WSC-8  all  observations  are  within  0.1  pH, 
except  for  the  near-surface  observations  at  stations  22,  7, 
and  17.  It  is  postulated  that  contaminants  in  the  water  were 
the  cause  of  the  erratic  results  of  the  pH  measurements.  On 
a subsequent  cruise,  the  sensor  probe  was  carefully  cleaned 
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before  each  cast.  Also  the  probe  used  to  determine  pH 
from  the  water  sample  was  carefully  cleaned  before  each 
water  sample  reading. 

On  cruise  WSC-10,  the  erratic  behavior  definitely  de- 
creased. However,  the  pH  sensor  readings  taken  at  stations 

I'  and  18,  in  the  vicinity  of  the  sludge  dump  area,  were  com- 

* 

pletely  out  of  acceptable  range,  whereas  pH  readings  from 
the  water  samples  were  acceptable.  Thus  it  is  believed 
that  contaminants,  probably  organic,  when  in  contact  with 
the  pH  sensor,  will  tend  to  falsify  the  reading. 

The  turbidity  probe  on  the  profiling  system  is  a 10- 
cm  path-length  transmissometer . Even  for  the  coastal  area 
where  the  water  is  highly  turbid,  values  from  the  probe 
are  in  the  operating  range  '!rom  70  to  90  percent.  While 
this  is  not  the  range  of  most  sensitive  operation  (Drake 
et  al . , in  press),  the  profiles  provide  useful  data  on  the 
relative  turbidity  in  the  water  column.  The  system  was 
originally  calibrated  using  clean-filtered  seawater  for  the 
upper  transmittance  level.  Periodic  calibration  checks 
showed  the  system  to  drift  no  more  than  1 percent  in  the 
operating  range.  Consequently,  accuracy  of  the  measured  data 
is  considered  to  be  within  specifications  of  + 3 percent. 

Turbidity  was  not  recorded  during  cruise  WSC-8.  A short 
in  the  bridle  cable  connecting  the  sensor  to  the  data  cable 
precluded  collection  of  usable  data. 
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For  profiling  data,  there  were  generally  two  to  five 
observations  recorded  per  meter.  Several  interpolation 
methods  were  tried  for  computation  values  at  1-m  intervals. 
The  more  sophisticated  techniques--such  as  Lagrangian 
interpolation  formulas — tended  to  introduce  overshoots, 
especially  at  the  top  and  bottom  of  large  gradients. 

A linear  interpolation  was  considered  the  most  acceptable. 
The  form  used  was  the  normal  one  with  a modification: 
if  a reading  occurred  at  an  interpolation  depth,  the  accept 
ed  value  would  be  the  mean  of  the  reading  itself  and  the 
value  determined  from  the  linear  interpolation  performed 
as  if  the  reading  were  absent.  Values  of  sigma-t  were 
interpolated  rather  than  calculated  from  the  interpolated 
temuerature  and  salinity. 

During  cruise  WSC-6,  extreme  variability  was  observed 
in  measurements  of  near-surface  waters.  Normal  survey  pro- 
cedure was  to  lower  the  sensor  package  into  the  water  to  a 
depth  of  1 to  2 m;  it  would  remain  there  for  about  3 min, 
allowing  the  sensors  to  equilibrate  before  lowering  to  tne 
bottom.  During  this  period,  the  magnetic  tape  recorded  all 
observations.  Upon  listing  these  data,  it  was  noted  that 
large  variations  were  occurring  within  each  parameter  at 
some  stations.  For  example,  temperature  changes  of  0.05°C 
greater  were  recorded  between  consecutive  observations 
taken  only  1 s apart. 


For  the  normal  processed  tape,  one  set  of  parameter 


values  was  recorded  at  the  shallowest  recorded  depth. 

Then  one  set  of  observations  at  the  next  greater  recorded 
depth  was  selected,  and  so  on  to  the  bottom.  In  this 
particular  case,  this  method  was  considered  to  be  unreliable. 

Instead,  a mean  value  for  each  parameter  was  computed, 
using  all  recorded  values  at  each  0.1  m between  1 and  2 m. 

Table  2 gives  selected  means  and  standard  deviations 
for  each  parameter  at  several  stations,  as  examples, 
indicating  the  situation  that  occurred. 

Water  samples  were  analyzed  for  dissolved  nitrates 
(I'103-I'i)  , nitrites  (N02“N)  , or thophosphates  (PO4-P)  , and 
silicates  (Si03"Si)  with  a four-channel  Technicon  Auto- 
analyzer, generally  within  a period  of  6 wk  after  their 
col lection . 

The  analytical  procedures  used  in  the  analyses  for 
nitrate  and  nitrite  are  described  by  Armstrong  ^ al . 

(1967).  The  orthophosphate  procedure  is  described  by 
Grasshoff  (1965),  and  the  silicate  procedure  is  described 
by  Strickland  and  Parsons  (1968).  The  water  used  for 
standardization,  blank  determinations,  and  wash  between 

samples  is  filtered  Gulf  Stream  water  obtained  from  the  , 

surface  of  the  Straits  of  Florida.  I 

The  detection  limits  and  accuracies  of  analysis  for  j 

I 

the  four  nutrients  are  as  follows:  I 


»1 

J 
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Table  2. 


Selected  Means  and  Standard  Deviations 
for  Each  Recorded  Parameter 
Occurring  Between  1 and  2 M During  Cruise  WSC-6 


No. 


of 

Standard 

Station 

Depth 

Parameter 

Mean 

obs . 

deviation 

no . 

(m) 

1 

1.0 

temperature 

8.12 

1 

0.00 

1 

1.5 

temperature 

8.24 

39 

0.11 

1 

1.4 

salinity 

23.44 

32 

0.84 

1 

1.0 

salinity 

24.75 

1 

0.00 

1 

1.7 

salinity 

24.07 

3 

1.20 

1 

1.1 

pH 

8.63 

5 

0.08 

1 

1.7 

turbidity 

70.77 

3 

0.55 

2 

1.6 

temperature 

8.31 

52 

0.27 

2 

1.6 

salinity 

29.28 

52 

0.81 

2 

1.6 

pH 

8.78 

52 

0.03 

2 

1.6 

turbidity 

73.70 

52 

3.11 

3 

1.5 

temperature 

9.27 

4 

0.26 

3 

1.5 

salinity 

27.17 

4 

0.17 

3 

1.3 

turbidity 

71 . 97 

4 

0.57 

11 

1.6 

temperature 

8.36 

32 

0.05 

11 

1.4 

salinity 

25.91 

20 

0.65 

11 

1.4 

pH 

8.70 

20 

0.04 

11 

1 . 4 

turbidity 

68.57 

20 

1 . 88 

4 

1.3 

temperature 

8.93 

8 

0.42 

4 

1 . 3 

salinity 

28 . 72 

8 

0 .37 

4 

1.4 

pH 

8.78 

31 

0.03 

4 

1.4 

turbidity 

77.54 

31 

0.67 

8 

\ C. 

temperature 

8.20 

77 

0.27 

8 

1 . 5 

sal ini ty 

27.20 

77 

1.33 

8 

1.5 

pH 

8.51 

77 

0.03 

8 

1.3 

turbidity 

71.95 

15 

3 .33 

9 

1.2 

temperature 

8.38 

78 

0 . 36 

9 

1.1 

salinity 

25.91 

18 

0.98 

9 

1.1 

pH 

8.71 

18 

0.06 

9 

1.1 

turbidity 

72.09 

18 

1.76 

f 

I 


L 
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N03“N  0.1  to  40  Mgat/L.  Coefficient  of  variation — 

95-percent  confidence  level  at  15  /igat  NO3-N/L — 

0.17  percent; 

H02“N  0.1  to  20  /^gat/L.  Coefficient  of  variation-- 

95-percent  confidence  level  at  3.2  /igat  NO2-N/L — 

1 . 2 percent; 

PO4-P  0.05  to  20  Mgat/L.  Coefficient  of  variation-- 

95-percent  confidence  level  at  0.64  ^gat  PO4-P/L — 

1.6  percent;  and 

SiO^-Si  0.1  to  50  Mgat/L.  Coefficient  of  variation — 

95-percent  confidence  level  at  33  z^gat  Si03-Si/L — 

2.3  percent. 

5.  DATA  PRESENTATION 

The  interpolated  data  and  corresponding  profiles 
of  temperature,  salinity,  sigma-t,  and  turbidity  are 
given  in  section  8,  Station  Data  and  Surface  Contours.  The 
codes  used  in  the  table  headings  are  from  the  National 
Oceanographic  Data  Center  Manual  Series  (1964) . Profiles 
were  made  from  the  smoothed  raw  data,  with  identifying 
symbols  located  at  5-m  intervals. 

Figures  2 to  7 are  contoured  temperatures  and  salinities 
at  the  3-m  depth  for  each  cruise. 
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Cruise  WSC-6,  temperature  (°C)  contours  at  3-m  depth,  April  16-20,  1974 


Figure  4.  Cruise  WSC-7,  temperature  (^C)  contours  at  3-m  depth.  May  6~9,  1974. 


Figure  5.  Cruise  WSC-7,  salinity  ( /oo)  contours  at  3-m  depth.  May  6-9,  1974. 
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OCEANOGRAPHIC  CONDITIONS  IN  THE  CARIBBEAN  SEA 
DURING  THE  SUMMER  OF  1971 

John  B.  Hazelworth 
Robert  B.  Starr 

The  NOAA  ship  Discoverer  conducted  a physical  oceano- 
graphic program  in  the  Caribbean  Sea  as  part  of  CICAR 
(Cooperative  Investigation  of  the  Caribbean  and  Adjacent 
Regions)  in  July,  August,  and  September  1971.  The 
primary  objective  of  the  Discoverer  cruise  was  to  in- 
vestigate the  dynamics  of  the  formation  of  the  Yucatan 
Current.  This  report  describes  the  measurements  taken 
and  the  methods  applied  to  correct  and  analyze  the 
hydrographic  station  data.  It  also  makes  the  results 
of  these  data  available  to  other  researchers  who  are 
working  on  problems  in  the  Caribbean. 

Key  Words:  Discoverer,  STD  Data,  CICAR,  Caribbean  Sea, 

Oceanographic  Observations 

1.  INTRODUCTION 

Scientists  from  the  Atlantic  Oceanographic  and  Meteorolog- 
ical Laboratories  (AOML)  of  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  conducted  a two-ship  investigation  in  the 
northwestern  Caribbean  Sea  (Cayman  Sea)  and  southern  Gulf  of 
Mexico  during  July,  August,  and  September  1971.  Additionally, 
stations  were  occupied  and  data  taken  through  the  Windward 
Passage  and  across  the  eastern  end  of  the  Caribbean  Sea.  The 
study  was  undertaken  as  part  of  the  Declared  National  Program, 
CICAR  (Cooperative  Investigation  of  the  Caribbean  and  Adjacent 
Regions) , a program  of  the  Intergovernmental  Oceanographic 
Commission.  Many  of  the  stations  were  occupied  on  standard 
sections,  defined  for  this  international  program. 

Two  ships  of  the  NOAA  National  Ocean  Survey  were  used  in 
the  AOML  investigation.  The  NOAA  ship  Discoverer  occupied 
hydrographic  stations  in  the  Caribbean  Sea  and  planted  and 
recovered  deep-sea  tide  gages  and  current  meters.  The  NOAA  ship 
Researcher  collected  both  Lagrangian  current  data  and  density 
data  in  the  Caribbean  Sea  and  the  Gulf  of  Mexico.  The  results 
of  the  Researcher  data  collection  program  have  been  reported  by 
Molinari  (1975) . The  primary  objectives  of  the  study  were  to 
investigate  the  formation  of  the  Yucatan  Current  and  to  map 
the  distribution  of  various  chemical  elements. 

This  report  provides  salinity-temperature-density  (STD) 
measurements  and  data  taken  by  the  Discoverer  during  July, 
August,  and  September  1971.  The  sections  that  follow  describe 
the  collection  and  analytical  procedures  applied  and  present 
some  preliminary  description  of  the  results.  These  sections  are 
presented  to  inform  other  users  of  these  data,  to  describe  the 


methods  used  to  analyze  and  correct  the  data  before  the  measure- 
ments were  submitted  to  the  National  Oceanographic  Data 
Center  (NODC)  of  the  NOAA  Environmental  Data  Service,  and  to 
interrelate  the  results.  Water  samples  were  ?-lso  collected 
and  analyzed  for  nutrient  content,  but  these  results  will  be 
the  subject  of  a separate  report.  Expendable  bathythermo- 
graph (XBT)  data  were  also  collected  by  both  the  Researcher 
and  Discoverer  and  are  on  file  at  the  NODC. 

2.  DATA  COLLECTION 

Two  cruises  of  the  CICAR  program  were  completed  by  the 
Discoverer  during  1971.  The  first  one  was  run  from  July  18 
to  August  20.  During  this  cruise,  designated  as  RP9,  97  STD 
casts  were  made.  The  cruise  track  and  positions  of  the  STD 
casts  are  given  in  figure  1.  The  second  cruise,  designated 
as  RPll,  was  run  from  September  10  to  September  19.  During 
the  second  cruise,  22  STD  casts  were  taken  in  an  area  farther 
east  of  the  first  cruise.  The  cruise  track  and  positions  of 
the  STD  stations  are  given  in  figure  2. 

Temperature  and  salinity  measurements  were  made  while 
the  Discoverer  stopped  on  station,  using  the  Plessey  STD 
model  9o06.  Attached  on  the  side  of  the  STD  cage  was  a 
General  Oceanics  Rosette  Multi-Sampler.  During  each  cast, 
nine  water  samples  were  taken.  Ordinarily,  the  STD  was  lower- 
ed to  2,000  meters,  depth  permitting.  On  the  return  to  the 
surface,  water  samples  were  collected  at  2,000  and  15,000 
meters  and  at  the  6°,  10®,  13®,  16®,  18®,  22®,  and  26®C  iso- 
therms. For  depth  and  temperature  checks,  reversing  thermo- 
meters were  attached  to  four  of  the  Niskin  bottles.  At  the 
completion  of  a cast,  water  samples  were  drawn  for  measure- 
ment of  salinity  and  oxygen.  Additional  water  samples  were 
drawn  and  then  frozen.  At  the  completion  of  the  cruise, 
the  frozen  samples  were  returned  to  Miami  where  they  were 
analyzed  for  nutrient  content. 

During  the  cast,  the  raw  data  were  recorded  in  frequency 
count  on  magnetic  tape.  Simultaneously,  the  raw  data  were 
fed  to  the  computer,  translations  into  engineering  units 
made,  calibrations  applied,  and  data  recorded  on  punched 
paper  tape  and  typewriter  printouts. 

3.  NAVIGATION 

Satellite  navigation  was  the  primary  position  determina- 
tion system  used  on  board  the  Discoverer.  The  system  was  in- 
operative from  July  22  to  27,  On  the  average , about  16 
fixes  a day  could  be  obtained  with  this  system.  Loran  A and 
Omega  were  available  as  backup.  Although  Loran  A coverage 
is  poor  in  most  of  the  area,  the  Omega  worked  well;  and  fixes 
were  normally  taken  at  15-minute  intervals.  The  agreement 
between  the  satellite  and  Omega  fixes  was  generally  on  the  order 
of  1 mile. 
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cruise  track  and  STD  station  location  for  RP9 . 


Figure  2.  Disaoverer  cruise  track  and  STD  station  location  for  RPll. 


4.  DENSITY  DATA 


Standard  ])hysical  oceanographic  procedures,  as  outlined 
in  the  U.S.  Naval  Oceanographic  Office  Publ.  No.  607  (.1968), 
were  used  to  correct  the  reversing  thermometers  for  computa- 
tions of  temperature  and  depth.  Salinity  samples  were  analyz- 
ed on  an  inductive  salinometer. 

Mean  differences  were  computed  between  the  temperature 
and  depth  as  recorded  by  the  reversing  thermometer  and 
simultaneously  as  recorded  by  the  STD.  The  mean  depth  differ- 
ence was  3.9  meters,  with  a standard  deviation  of  4.13  meters. 
The  mean  temperature  difference  was  0.03°C,  with  a standard 
deviation  of  0.04°C. 

A similar  check  of  salinity  difference  revealed  a need 
for  a salinity  correction.  The  required  salinity  correction 
was  constant  throughout  the  cruises.  A third-degree  poly- 
nomial fit  of  the  difference  between  STD  salinity  and  water 
sample  salinity  as  a function  of  depth  was  made  and  used 
for  calibration.  After  the  correction  formula  was  applied 
to  the  salinity  data,  the  mean  difference  was  0.03°/oo,  with 
a standard  deviation  of  0.04°/oo. 

For  stations  8 through  17  and  73  through  84,  selected 
values  were  coded  from  the  typewriter  output.  These  data 
were  put  on  punch  cards  and  then  recorded  on  magnetic  tape 
in  the  same  format  as  the  rest  of  the  data.  A new  data 
tape  was  created  containing  only  the  down  cast  with  an  end 
of  file  at  the  end  of  each  cast,  and  stations  8 through  17 
and  73  through  84  were  inserted  in  their  proper  chronological 
order. 

These  data  were  edited  for  noise  by  a series  of  filters. 
Temperature-Salinity  (T-S)  curves  from  the  edited  tape  were 
plotted.  These  plots  indicated  residual  small  magnitude  noise 
and  gaps  in  the  data.  The  noise  was  edited  out  point  by 
point.  To  the  extent  possible,  gaps  in  the  data  were  filled 
in  from  the  typewriter  output. 

The  edited  temperature  and  salinity  data  were  smoothed 
by  a linear  regression  computation.  The  regression  was 
performed  in  10-meter  increments  in  overlapping  5-meter  seg- 
ments, and  a new  tape  containing  the  smoothed  data  inter- 
polated at  10-meter  intervals  was  created.  The  standard  NODC 
heading  card  for  electronically  obtained  serial  stations, 
containing  cruise  number,  cast  number,  position,  date,  time, 
and  weather  daia,  were  added  to  identify  each  cast. 

Because  o f an  insufficient  number  of  observations, 
statiojis  8 througii  17  and  73  tlirougli  84  were  not  subjected  to 
the  edit -regress ion  interpolation  procedure  described  above. 
They  were  quality-controlled  and  corrected  by  hand. 

Using  the  edited  data,  sigma-t,  specific  volume  anomaly, 
sound  velocity,  thermosteric  anomaly,  dynamic  height,  and 
transport  function  were  computed  at  20-meter  intervals. 
Stations  8 through  17  and  72  through  84  were  interpolated 
by  the  threc-p)int  Lagrangian  interpolation  method  before  the 
computations  ctuld  be  made. 
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Section  8 lists  in  chronological  order  the  entire  set 
of  cruise  stations  with  the  abovementioned  computations. 

For  brevity,  only  selected  depths  are  printed.  The  complete 
set  of  10-meter  interval  data  is  on  file  at  the  NODC. 

5.  PRELIMINARY  DATA  PRESENTATION 

Four  mean  T-S  curves  (fig.  3 through  6)  of  various 
areas  were  computed  and  plotted.  Area  1 is  the  mean  curve 
of  stations  9 through  22  (fig.  2)  taken  during  cruise  RPll 
just  west  of  the  Lesser  Antilles  during  September  1971.  Area  2 
is  the  mean  curve  of  stations  56  through  61  taken  during  cruise 
RP9.  These  stations  lie  north  of  Jamaica.  Area  3 includes 
stations  62  through  79  taken  during  cruise  RP9.  This  area 
lies  southwest  of  Jamaica.  Area  4 comprises  stations  40 
through  49  and  84  through  86,  covering  the  area  east  of  the 
Yucatan  Peninsula  toward  Cuba.  Locations  for  these  stations 
are  shown  in  figure  1. 

The  mean  T-S  curves  were  obtained  by  averaging  the  STD 
salinity  values  in  1/2°C  intervals.  In  general,  they  agree 
very  well  with  the  T-S  curve  of  the  Caribbean  Sea  presented 
by  Wlist  (1964),  but  with  some  slight  differences.  Area  1 
exhibits  the  highest  mean  salinity  maximum  of  36.81°/oo,  in- 
dicating its  closeness  to  the  source  of  the  Subtropical 
Underwater.  It  also  exhibits  the  lowest  mean  salinity  of 
34.72®/oo  for  the  Antarctic  Intermediate  Water  (fig.  13). 

The  mean  minimum  salinities  of  the  three  other  areas  are  great- 
er than  34.80°/oo»  indicating  mixing  of  the  Antarctic  Inter- 
mediate Water  as  the  water  proceeds  downstream.  Area  1 
also  has  the  lowest  mean  surface  salinity  of  34.53°/oo,  with 
numerous  values  less  than  34.00°/oo  and  relatively  low  surface 
temperatures  (fig.  12  and  13).  The  low  salinity  reflects 
the  influence  of  the  Amazon  and  Orinoco  Rivers  discharge 
combined  with  the  equatorial  low-salinity  belt  (Wilst) . 

The  waters  represented  by  the  T-S  curve  of  Area  2 
were  sampled  to  define  the  input  through  the  Windward  Passage. 
Therefore,  this  curve  should  relate  to  the  characteristics 
of  the  waters  that  have  entered  through  the  Windward  Passage 
from  the  North  Atlantic  while  that  of  Area  3 should  reflect 
modifications  that  occur  to  the  water  column  as  it  transits 
the  Caribbean  from  Area  1.  The  surface  water  of  Area  3 re- 
flects the  modifications  experienced  during  this  transit. 
However,  the  surface  of  Area  2 is  warmer  and  more  saline  than 
that  of  Area  3 and,  between  24°  and  28°C,  is  fresher  than 
Area  3 (fig.  4,  5,  7,  and  8).  The  T-S  characteristics  of 
Area  4 should  be  indicative  of  the  waters  that  are  about  to 
exit  the  Caribbean  through  the  Yucatan  Channel.  Areas  2 and 
4 are  essentially  identical.  It  was  expected  that  in  the 
near  surface  layer  Area  4 would  reflect  T-S  characteristics 
intermediate  between  Areas  2 and  3,  but  it  does  not.  Like 
Area  2,  Area  4 is  appreciably  fresher  between  24°  and  28°C 
and  is  warmer  at  the  surface  than  Area  3. 
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The  T-S  differences  in  the  upper  150  meters  between  Area  3 
and  Areas  2 and  4 are  explainable  with  reference  to  figures  9 
through  11.  These  show  the  surface  current  pattern  determined 
from  dynamic  topography  relative  to  500,  1,000,  and  1,800 
meters.  This  current  system  is  in  agreement  with  the  Lagrangian 
current  measurements  made  at  the  same  time  and  reported  by 
Molinari  (1973)  and  with  the  hydrographic  stations  and  geo- 
magnetic electrokinetograph  (GEK)  measurements  taken  during  the 
same  time  and  reported  by  Emilsson  (1971).  There  is  striking 
similarity  in  the  surface  current  structure  relative  to  the 
three  depths,  but  Emilsson's  GEK  results  agree  best  with  the 
surface  relative  to  500  meters  depth  (fig.  9).  The  higher 
surface  temperature  and  salinity  north  of  Jamaica  can  be 
attributed  to  water  that  has  flowed  out  from  the  Gulf  of 
Mexico  around  Cabo  San  Antonio,  the  most  westerly  point  of 
Cuba.  This  higher  temperature  and  salinity  result  from  the 
additional  heating  and  evaporation  this  water  has  been  subject- 
ed to  relative  to  that  southwest  of  Jamaica,  caused  by  a 
longer  time  in  tropical  conditions  as  it  transits  the  Cayman 
Sea  and  the  Loop  Current  of  the  eastern  Gulf  of  Mexico.  The 
longer  route  is  suggested  rather  than  a route  just  around  the 
anticyclonic  gyre  between  the  Yucatan  Channel  and  Misteriosa 
Bank  because  of  the  fresher  water  between  24°  and  28°C. 

This  is  the  only  place  where  the  1-S  curves  of  Areas  2 and  4 
differ.  Area  4 being  slightly  less  salty  and  therefore  nearer 
the  source  of  dilution  for  subsurface  freshening.  It  is 
suggested  that  this  relative  freshening  results  from  dilution 
as  the  Loop  Current  entraps  colder,  lower  salinity  shelf 
waters  along  the  northern  and  eastern  margins  of  the  Gulf 
of  Mexico. 

Between  5°  and  18°C,  Area  1 is  less  saline  than  Area  3; 
and  between  7°  and  22°C,  Area  3 is  less  saline  than  Area  2. 

The  increasing  salinity  downstream,  suggested  by  these 
segments  of  the  T-S  curves,  covers  a depth  range  of  roughly 
200  to  1,000  meters  which  brackets  the  Antarctic  Intermediate 
Water  minimum.  Since  the  magnitude  of  the  minimum  decreases 
downstream  continuously  with  distance  due  to  mixing,  the 
increase  in  the  adjacent  waters  above  and  below  is  attributed 
to  this  mixing  also.  This  suggests  that  the  water  of  Area  2, 
north  of  Jamaica,  has  travelled  the  longest  path  from  the 
open  Atlantic  and  has  the  longest  residence  time  in  the 
Caribbean  Sea  of  the  waters  sampled  from  the  Discoverer  during 
the  CICAR  survey  of  1971.  No  contribution  of  water  from 
the  North  Atlantic  through  the  Windward  Passage  can  be  seen 
in  these  data. 

The  section  along  63°  West  longitude  is  a standard  CICAR 
section.  It  extends  the  length  of  the  Grenada  Basin  on  the 
eastern  slope  of  the  Aves  Ridge.  Many  of  the  stations  of 
this  eastern  transect  are  depth  - 1 imited  by  banks  associated 
with  the  Antilles  Arc  at  the  north,  with  the  South  American 
continental  shelf  at  the  south,  and  in  the  middle  by  the 
Aves  Ridge.  Consequently,  the  sections  presented  here  (fig.  12 
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Figure  11.  Geostrophic  current  pattern  at  surface  in  dynamic  meters  relative  to 

1,800-meter  level. 


through  18)  are  drawn,  at  most,  to  1,000-meter  depth.  The 
temperature  and  salinity  distributions  shown  in  figures  12  and 
13  depict  the  water  structure  quite  well  because  gradients 
below  1,000  meters  were  very  weak.  The  deepest  values  measured 
by  the  STD  at  2,000  meters  were  4.1®C  for  temperature  and 
34.98°/oo  for  salinity. 

Analogous  to  the  surface  charts  of  dynamic  topography 
for  the  Cayman  Sea,  the  dynamic  topography  relative  to 
500  and  1,000  meters  determined  from  these  observations  is 
shown  in  figures  14  and  15.  Too  few  stations  penetrated  to 
1,800  meters  to  make  it  worthwhile  producing  a section  relative 
to  that  depth.  Because  1,000  meters  is  deeper  than  the  sill 
depths  of  the  passages  with  the  dominant  flow  (Stalcup  and 
Metcalf,  1972),  figure  15  is  probably  fairly  indicative  of  the 
zonal  flow  through  this  section.  The  strongest  gradients 
in  figures  14  and  15  indicative  of  the  maximum  flow  are 
centered  on  station  21,  while  counterflows  are  suggested  at 
the  northern  and  southern  ends  of  the  section. 

Figures  16  and  17  confirm  this  interpretation  and  show 
the  current  structure  in  detail  relative  to  1,000  and  500 
meters.  The  1,000-meter  depth  allows  a more  accurate  portrayal 
of  the  currents,  but  the  500-meter  depth  permits  an  extension 
to  shallower  stations  at  the  ends  of  the  section.  The  differ- 
ence in  current  structure  relative  to  the  two  depths  is  quite 
significant.  In  this  section,  the  Caribbean  Current  as 
discussed  by  Wiist  (1964)  and  Gordon  (1967)  is  a westward- 
flowing, bifurcate  stream  evident  on  the  surface  between 
stations  14  and  19  with  an  easterly  flowing  countercurrent 
underneath  between  stations  14  and  21  (fig.  16).  To  the 
north  and  south  are  easterly  flowing  currents  penetrating  to 
the  surface  with  westerly  flowing  countercurrents  below 
(fig.  16  and  17).  At  the  extreme  southern  stations,  a 
strong  westerly  flow  is  evident  in  figure  17  which  can  be 
correlated  with  the  westward  transport  through  the  Grenada 
Passage  reported  by  Stalcup  and  Metcalf  (1972).  It  is 
difficult  to  explain  the  east-flowing  currents  on  each  side  of 
the  Caribbean  Current  based  on  only  one  section.  However, 
they  may  represent  arms  of  gyres  in  the  lee  of  the  Lesser 
Antilles  and  upstream  from  the  Aves  Ridge  crest. 

Several  interesting  relations  are  apparent  between  the 
temperature  and  salinity  sections  and  the  current  section 
relative  to  1,000  meters  (fig.  12,  13,  and  16).  The  surface 
water  is  warmer  and  less  saline  in  the  countercurrents  than 
in  the  Caribbean  Current  or  flow  through  the  Grenada  Passage, 
suggesting  warming  and  dilution  relative  to  surface  water 
from  outside  the  Antilles  Arc  due  to  retention  time  in  the 
Caribbean.  Also  the  core  of  Antarctic  Intermediate  Water, 
as  defined  by  the  34.75'’/oo  isohaline,  is  strongest  where 
the  subsurface  westerly  current  is  indicated  between  stations  18 
and  17  and  is  absent  where  the  subsurface  easterly  counter- 
flow is  demonstrated  between  stations  14  and  21. 

The  volume  transport  across  63°West  longitude  has  been 
computed  to  1,000  meters  or  to  the  deepest  depth  of  the 
shallower  stations  and  is  presented  in  figure  18.  The  total 


217 


Temperature  distribution  in  degrees  Celsius  observed  during  September 
1971  along  63*  West  longitude . 
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1971  along  62°  Vest  longitude. 
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Figure  15.  Dynamia  topography  in  dynamia  meters  relative  to  1,000  meters  along  63 

West  longitude. 
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Figure  16.  Isotaahs  of  current  velocity  in  centimeters  per  second  relative  to  IjOOO- 

meter  depth  along  63"  Vest  longitude , 


STATION  NUMBER 


westward  transport  is  46.0x10^  m^/sec,  and  eastward  transport 
29.3x106  m3/sec  for  a net  transport  of  16.7xl06  m^/sec  west- 
'^ard.  This  net  transport  is  considerably  less  than  the 
26x10®  m^/sec  reported  by  Gordon  (1967)  for  the  Eastern 
Venezuela  Basin  or  the  same  volume  reported  by  Stalcup  and 
Metcalf  (1972)  for  the  major  passages  through  the  Lesser 
Antilles.  However,  the  34.3x10^  m^/sec  for  the  core  of  the 
Caribbean  Current  is  appreciably  greater  than  their  values, 
whereas  6.6x10^  m3/sec  for  the  flow  through  the  Grenada 
Passage  agrees  reasonably  well  with  the  3.8  to  15.9x106  m^/sec 
range  reported  by  Stalcup  and  Metcalf.  So  the  discrepancy 
lies  principally  in  the  magnitude  of  the  countercurrents 
apparent  in  this  section  and  a possible  appreciable  flow 
below  1,000  meters.  This  section  would  be  more  usable  for 
this  type  of  analysis  if  located  50  kilometers  farther  to 
the  east  to  permit  current  computation  relative  to  a deeper 
level . 
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Explanation  of  Column  Headings 
in  the  Serial  Data  Listings 

Depth  in  meters 

Temperature  in  degrees  Celsius 

Salinity  in  parts  per  thousand  ("/oo) 

Sigma  t ■ (density  at  0 pressure  -1)  x 1,000 

Thermosteric  Anomaly  in  centiliters  per  ton 

Specific  Volume  Anomaly 

Sound  Velocity  in  meters  per  second 

Dynamic  Depth  Anomaly  in  dynamic  meters 

Transport  Function  summed  from  the  surface  down- 
ward in  dynamic  meters  times  meters 
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337.2 

600 

11.66 

35.36 

26.97 

109.3 

121.6 

1504.38 

1 .2110 

384.6 

640 

11.20 

36.31 

27.00 

106.0 

119.8 

1503.74 

’ ,2504 

434.1 

680 

10.69 

35.21 

27.0  3 

103.7 

117.0 

1602.11 

1 .3068 

485.4 

620 

9,91 

35.12 

27.08 

00.1 

112.6 

1500.21 

1 .3526 

638.6 

660 

9.18 

55.02 

27.12 

94.0 

108.2 

’498.06 

1 .3966 

693.6 

700 

8,4b 

34,96 

27.19 

88. 5 

101.6 

1 40b.9b 

1.4384 

660.3 

7ait 

7.48 

34.86 

27.26 

81  .9 

94.4 

1492.74 

1 .4778 

708.5 

780 

6.04 

34.83 

27,33 

75.6 

67.7 

1490.87 

1 .6139 

768.4 

8?o 

6.29 

34.83 

27,40 

68,6 

60.4 

1489.36 

1 .!3477 

829.7 

860 

6.-0 

34.86 

27.47 

62.3 

74.0 

’ 488.48 

1 .5788 

892.2 

900 

5.64 

34,86 

27.81 

68.8 

70.2 

1488,10 

1.5076 

966.9 

94  0 

6.61 

34.87 

2 7.83 

66.2 

68.2 

1488.24 

1 .5352 

) 020.8 

080 

6.29 

34. 8« 

27.87 

62,0 

66.0 

1488.01 

1 .6blH 

1 086.7 

1 020 

6.03 

34,90 

27.61 

48,8 

60.6 

1487.64 

1 .5860 

1163.7 

1100 

4.  76 

34.92 

27.66 

44.1 

66.4 

1487.87 

1 .7333 

1290.6 

120(1 

4.6b 

34.93 

27.69 

41.2 

64.1 

1 488.60 

1 . 7882 

1466.6 

1300 

4.46 

34. 9u 

27.71 

39.3 

62.9 

1 489.89 

1.84)3 

1648.1 

1400 

4.36 

34.96 

27.73 

37.5 

61.8 

1491 .13 

1 .8036 

1«34.9 

160  0 

4.34 

34.98 

27.73 

37.4 

62.7 

1402.74 

1 .9455 

2026.8 
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I STD  STATION  MUMOf-.R  OOR 
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' LATITUDE  17  h2 
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S 
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n 

27.70 

36.14 

23.37 

452.0 
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1542.30 
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.0 

20 

27.62 

36.1“ 

23.40 

449.5 
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1542,52 
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.9 

4n 

27.20 

36.17 

23.56 

434.1 

435.8 

1541.95 

.1788 

3.6 

GO 

26.62 

36.20 

23.70 

420.5 

423.0 

1541,44 
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8.0 
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26.67 

36.28 

23,84 

407,0 

410.3 

1541,28 

.3481 

14.2 
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26.29 

36.36 

23.99 

393.0 

397.2 

1541,03 

.4288 

21.9 

120 

24.  <->3 

36.59 

24.58 

336.5 

341.5 

1838.38 

.5027 

31.2 

140 

23.33 

36,76 

25,10 

278,6 

2fa4.3 

1534.93 

.5653 

41.9 
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21.44 

36 . 75 

25.72 

228.0 

234.1 

1530.41 

.6171 

53.7 

IRO 

20.12 

36 . 66 

26.01 

200.6 

207.3 

1527.12 

.6612 

66 . 5 

200 

19.59 

36.61 

26.12 

190.6 

197.0 

1525.93 

. /ulP 

80.2 

220 

18.66 

36,51 

26.28 

175.4 

183.2 

1523,54 

.7399 

94.6 

240 

18.03 

36.44 

26.38 

165,1 

173.4 

1521.96 

.7755 

109.7 

2G0 

17.30 

36.33 

26.48 

155.7 

164.5 

1520.06 

.8093 

125.6 

260 

16.18 

36.12 

26.50 

145.9 

155.0 

1516.79 

.8413 

142.1 

300 

15.64 

36.00 

26.64 

141,2 

150,6 

1515.03 

.8718 

159.2 

340 

14.02 

35,73 

26.76 

120.2 

139.0 

1510.51 

.9293 

195.2 

360 

13.44 

35.64 

26,82 

124,1 

134.7 

1509.17 

.9836 

233.5 

420 

12.7b 

35.48 

26,83 

122.7 

133.9 

1507. 52 

1.0371 

273.9 

460 

12.04 

59.37 

26,88 

117.7 

129,4 

1505.44 

1.0889 

316.4 

500 

10.64 

36.31 

27.06 

1U0.8 

112.5 

1501.84 

1.1365 

361.0 

540 

9.98 

35.15 

27.09 

97.8 

109.6 

1499,22 

1 .IftOl 

407.3 

560 

8.  M 

34,93 

27,18 

89,4 

100,2 

1493.62 

1 .2219 

455.4 

620 

7.69 

34.85 

27.22 

85.4 

96.1 

1491,59 

1.2612 

505.0 

660 

7.13 

34.81 

27.27 

00.9 

91.5 

1 490.02 

1 .2988 

556.2 

700 

6.83 

34.82 

27.32 

76,1 

87.0 

1 489,54 

1 .3343 

608.9 

740 

6.50 

34.83 

27,37 

^1.2 

62.2 

1488.89 

1 ,3682 

662.9 

760 

6.  .-'b 

34.84 

27.41 

67.4 

78,6 

1 488.57 

1.4004 

718.3 

620 

5.40 

34.84 

27.46 

63.1 

74.2 

1487.81 

1,4309 

774.9 

R6f’ 

5.70 

54,85 

27.49 

59.0 

71.2 

1487.69 

1 ,4601 

832.8 

900 

5.48 

34,86 

27.53 

56.7 

68.2 

1487,47 

1 ,4080 

191.7 

940 

5.31 

34.88 

27.57 

52.9 

64.6 

1487,44 

1.5145 

951.0 

960 

5.09 

34.80 

27.60 

49.0 

61.6 

1U87.22 

1 .5397 

1012.9 

1020 

4.  16 

34.90 

27.62 

47,8 

59.7 

1487.37 

1 .5639 

1075.0 

1100 

4.75 

34.92 

27,66 

43.9 

56.2 

1887.84 

1 .6105 

1201.9 

1200 

4.59 

34.93 

27,69 

41.5 

54.5 

1488.82 

1 .6657 

1365.8 

1300 

4.45 

34,94 

27.71 

30.^ 

52.9 

1489.90 

1 . 7192 

1535.0 

1400 

4. 

34.95 

27.73 

37.6 

52.0 

1891,18 

1.7716 

1709.6 

1500 

4.n 

34.96 

27.74 

36,3 

51.5 

1492,63 

1 .8235 

1889.3 

1600 

4.27 

34.96 

27.7b 

55.0 

52.0 

1494.11 

1 .8752 

2074.3 

1700 

4,23 

34.96 

27.75 

35.5 

52.4 

1495.60 

1 .9274 

2264.4 

1600 

4.21 

34.96 

27.75 

35.3 

53.0 

1497.17 

1 .9601 

2459.8 

1900 

4.20 

34,97 

27.76 

34.4 

53.0 

1498.79 

2.0334 

2660.4 

2000 

4.17 

34.97 

27.77 

34,1 

53.5 

1500.33 

7.0866 

2866.4 
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CTO  STATION  NUMBFR  0»O 
JULY  20,  1971  ?d,b  ^ 

LATITUDE  17  2^^ 

LONnITUOE  R4  4l 

DEPTH  TO  BOTTOV  4823  ** 
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II 
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36,03 

23.23 

465. P 

465. R 
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.0 

2n 

27,88 

36.06 

23.2b 
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1543.03 
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.9 
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27,71 

36.00 
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455,8 
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27.1? 

36.16 

23,57 
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435.1 

1542. OR 
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80 
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36,3b 

24.1b 

377.2 

380.5 

1539.40 

. Sjjbl 

14.6 

100 

24,69 

36.51 

24.69 

335.3 

339.4 

1537.4? 

.4?P0 

22.5 

120 

23.78 

36.64 

24.^7 

29Q.CI 

304. R 

1535.6? 

.4o?5 

31.7 

140 

22. 7b 

36.71 

25.32 

266,0 

271.6 

1533.44 

.5601 

42.1 

IfiO 

21. b? 

36. 6U 

25.66 

234.? 

240.4 

1530.57 

.6013 

53.6 

IPO 

19.87 

36.  bH 

26.0? 

POO.O 

206.7 

15P6.35 

.6460 

66.1 

200 

18.84 

36.40 

26.1b 

187,4 

19U.5 

15?3.63 

,6p61 

79.4 

220 

17. b3 

36.30 

26.40 

163.3 

170. R 

15?0.06 

.7227 

93.5 

240 

16. bR 

36.17 

26,53 

151,6 

159.5 

1517.41 

. ^557 

106.3 

260 

15.H2 

36.08 

26.61 

143.? 

151.5 

1515.62 

.7868 

123.7 

280 

14.99 

35.92 

26.70 

134.R 

143.3 

1512.89 

.8163 

139.7 

300 

14, bb 

35.84 

26.  74 

131.8 

140.7 

1511 .7b 

.8447 

156.3 

340 

13.30 

35.61 

26.82 

123.6 

133.0 

150P.04 

.8g07 

191.2 

38  0 

11.70 

35.40 

26.  "7 

lOQ.  1 

HR. 6 

1503.00 

.9498 

228.2 

420 

10.92 

35.27 

27,02 

105.? 

115.2 

1500.78 

.9c7(l 

P67.2 

460 

9.86 

35.13 

27.09 

97.7 

107.  r 

1497.47 

’ .0417 

308.0 

son 

9,07 

35,01 

27.13 

93. Q 

104.0 

149b. Ob 

1 .0640 

350.5 

b40 

8.62 

34,96 

27.17 

90.° 

IUI.2 

1893.98 

1 ,1?48 

394.6 

580 

7, ‘’4 

34.90 

27.22 

85.5 

95. R 

1491 .98 

1 .1681 

840«4 

620 

7.39 

34.86 

27.27 

80,7 

91.1 

1890.46 

1 .2018 

487.7 

660 

6.P8 

34.83 

27.32 

76.2 

86.6 

1 4R9.09 

1 .2371 

536.5 

700 

6.41 

34.83 

27,39 

70.? 

80,5 

14R7.89 

1 .2706 

586.7 

74  0 

6.08 

34.83 

27.43 

66.2 

76.5 

1487.22 

1 ,3o?2 

636.1 

780 

5,70 

34.86 

27,50 

59,1 

69.4 

1486. 3P 

1 .3312 

690.8 

820 

5.4b 

34.87 

27.54 

bb.6 

66.0 

14R6.06 

1 .3582 

748.6 

860 

5.-4 

34.88 

27.57 

52,3 

62. R 

i4Rb.R7 

1 . 3p,4  1 

799.5 

900 

b.U6 

34.90 

27.61 

48,0 

59.6 

1 4flb,B3 

1 ,8oR6 

P55.3 

940 

4,89 

34.90 

27,63 

47,0 

57.9 

148b. 7p 

1 .83?! 

012.1 

Q80 

4.79 

34.9? 

27.66 

44,4 

55,5 

1486.03 

1 .8548 

9o9.9 

1020 

4.70 

34.93 

27.68 

42.6 

54.0 

1UP6.33 

1 .8767 

1028.5 

1100 

4.59 

34.94 

27.  70 

40.7 

52.7 

1 4R7.20 

1.5196 

1148.4 

1200 

4.48 

34. 9U 

27.71 

39.5 

52.2 

14RP.36 

1.5720 

1302.9 

1300 

4. 78 

34,96 

27.73 

37.  R 

51  .3 

14RQ.63 

1 .6237 

1462.7 

1400 

4. 73 

34.9b 

27,73 

37.3 

51.6 

1491,05 

1 .6752 

1627.7 

1500 

4.29 

34.96 

27.74 

36.1 

51.3 

1492,55 

1 . 7268 

1 797.8 

1600 

4.26 

34.96 

27,7b 

35.  P 

51.8 

1494.07 

1.7779 

1073,0 

1700 

4.  ••3 

34.96 

27.7b 

35.5 

52.3 

1495.59 

1 .R300 

2153.4 

IROO 

4.21 

34.96 

27.7b 

35.3 

53.0 

1497.17 

1 .ttp?6 

2339.0 

1900 

4.18 

34.97 

27.76 

34.3 

52.8 

1498,72 

1 .9358 

2529.9 

2000 

4,16 

34,  P7 

27.77 

34,0 

53.4 

1500.29 

1.9889 

2726.2 
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66 . 7 
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17. 5« 
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26.40 
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1519.94 

.6730 

79.8 
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17.07 

36.26 

26, 4R 

155.6 

163.0 

1518,65 
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93.6 
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16.53 

36. IR 

26,55 

149.5 

157.4 

1517.28 

.7384 
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15.  R4 

36.05 

26.61 

143.5 

151.7 

1515.36 

. '6°3 

123.1 

2R0 

15.^1 

35.93 

26.66 

130.0 

147.6 

1513.56 

. 7992 

138.8 
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14.62 

35.86 

26.73 
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1511,95 

.8281 
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35. 5R 
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122.1 
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35.35 
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10.67 

35.2? 

27.02 

104,4 

114.1 
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10.19 

35.17 

27.07 

100,2 

110.4 

1498.68 

1 .0261 

304.1 
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9.31 

35. OR 

27,15 

92.4 

102.7 

1496.04 

1 .0687 

346.0 

540 

8.46 

34.97 

27.20 

87.7 

97.9 

1*^93.37 

l.lO«7 

389.6 

5R0 

7.R8 

34.90 

27.23 

84.7 

94.9 

1491.75 

1.1474 

434.7 

620 

7.33 

34,85 

27,28 

80.4 

90.7 

1490.20 

1,1844 

481.3 

660 
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34, R3 

27.32 

76,6 

87.0 
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1.2100 

529.4 

700 

6.47 

34.8^ 

27.38 

71.1 

81.5 

1488.13 

1.2537 

578.9 
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0.17 

34,83 

27,42 

67,0 

77.5 

1487.60 

1 .2855 

629.7 
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5.R2 

34.85 

27.<i8 

61,4 

71.9 

1486,86 

1 .3154 

681.7 
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5.50 

34.86 

27.52 

57.2 

67.7 

1486.23 

1.3433 
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5.22 

34, 8R 

27.57 

52.3 

62.  fl 

1485.79 

1 .3694 

789.2 
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5.04 

34,90 

27.61 

4R.6 

59.3 

’485.71 

1 .3938 

844.4 

Q4  0 

4.«6 

34.90 

27,63 

46.7 

57.5 

1485.66 

1 .4171 

900.6 
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4. 78 

34.91 

27.65 

44,7 

55. R 

1 485.99 

1 .439R 

957.8 

1020 

4.69 

34.93 

27.67 

42.7 

54.1 

1486.28 

1.4618 

1015.8 

IlOO 

4.59 

34.93 

27.69 

'll  .5 

53.4 

1487.18 

1 ,5u47 

1134.5 

1200 

4.51 

34.94 

27.70 

39,9 

52.7 

1488.51 

1 .5575 

1287.6 

1300 

4.43 

34.95 

27.72 

38.3 

51.9 

1489,83 

1 .6C99 

1446.0 

1400 

4.36 

34.95 

27.73 

37.6 

52.0 

1491,18 

1 .6618 

1609.6 
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4.31 

34.95 

27,73 

•57.1 

52.3 

1492.62 

1.7139 

1778.3 

1600 

4.26 

34.96 

27.75 

35,9 

51.9 

1494,08 

1. ^663 

1952.4 

1700 

4.53 

34,96 

27.75 

35.5 

52.3 

1495.59 

1 ,8183 

2131.6 

IfiOO 

4.20 

34.96 

27,75 

•55.2 

52.9 

1497.13 

’ .8709 

2316.0 

1900 

4.19 

34.97 

27.76 

34.3 

52.9 

140fl,7b 

’ .9239 

2505.8 

2000 

4.16 

34.98 

27.77 

33.3 

52,7 

1500.30 

1 .9769 

2700.8 
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1521.31 
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65.1 

20n 

lb. 94 

36.24 

26. bU 

154.4 

161.1 

1517.93 

.6462 

77.6 

?.?n 

lb. 91 

36.07 

26.61 

144,1 

151.1 

1514.93 

.677b 

90.9 

£40 

lb. 16 

35.94 

26.68 

137.3 

144.7 

1512.79 

.7071 

104.7 

?bo 

14. b7 

35.8b 

26.74 

131.0 

138.8 

1511.14 

.7354 

1 19.1 

200 

13.66 

35.68 

26.no 

125.6 

133.5 

1 508.34 

. 7626 

134.1 

300 

12.67 

35.  b3 

26.89 

117.1 

125.1 

1505.19 

. 788b 

149.6 

340 

11.60 

3b. 3b 

26.96 

110,8 

119.3 

1601.97 

.8374 

182.2 

3no 

10.64 

35.22 

27.03 

103,8 

112.6 

1499.09 

.8837 

216.6 

420 

9.  '6 

35.12 

27.09 

98.1 

107.3 

1 496.83 

.9^76 

252.8 

4b0 

9.1b 

35.04 

27.14 

93.1 

102.5 

’494.76 

290.8 

boo 

8.6b 

35.00 

27.19 

88,3 

97.9 

1493, bO 

1 .Uf|98 

330.4 

b40 

8.11 

34 .93 

27.22 

85,6 

95.4 

1492.01 

1 .0488 

371.5 

5«n 

r.  '3 

34.90 

27.26 

82.4 

92.5 

1 491 .17 

1 .0863 

414.3 

620 

7.43 

34.88 

27.28 

79. 7 

90.1 

1490.64 

’ .1231 

458.4 

660 

7.29 

34.86 

27.29 

■79.1 

90.0 

1490.73 

1 .lb'll 

604.1 

700 

6.68 

34.84 

27.36 

72,8 

83.4 

1488.9b 

1 . 1940 

551.2 

740 

6.41 

34.83 

27.39 

70,1 

81.0 

1488,53 

1 .2268 

599.6 

7no 

6.  14 

34.84 

27.43 

66.0 

77,0 

1488.11 

1 .2bP6 

649.3 

P20 

b.7b 

34.87 

27,50 

59.0 

70.0 

1 487.26 

1 .2877 

700.2 

P60 

b.60 

34.88 

27.53 

56.7 

67.9 

1487.33 

1 .3153 

752.3 

Hon 

5.46 

34.89 

27. bb 

54,4 

65 . 7 

1487,40 

1 .3420 

PU5.4 

940 

b.  31 

34.90 

27.58 

52.1 

63.6 

1487.46 

1 .3679 

859.6 

nnr) 

b.  16 

34.9tt 

27.60 

49.0 

61.5 

1487,53 

1 .3929 

914.8 

1020 

b.'Jl 

34  .91 

27.62 

47.5 

59.4 

1 487,59 

1 .4171 

971.0 

11  00 

4.72 

34.93 

27.67 

42.9 

55.1 

1487.72 

1 .4629 

1 086.3 

239 


r 

•^.TD  STATION  NUMneK 

012 

JULY  21 

, 1971 

14,0  / 

LATITUDE 

16  1« 

longitude 

85  4l 

DEPTH  TO  POTTOM 

0988 

Z T 

5 

SIGT 

TANOV 

SVA 

SVEI. 

''YNhRT 

TRANS 

r«  27, S8 

35.90 

23.23 

465.5 

465.5 

1641.90 

,0000 

.0 

20  27. S3 

35.93 

23.24 

464. Q 

465,8 

1542.35 

.0031 

.9 

40  27, =« 

36,00 

23.30 

458.5 

460.2 

1542,63 

.1057 

3.7 

1 

so  2b, 90 

36.14 

23.61 

429,5 

432.1 

1541.71 

.Ji750 

8.3 

80  2b, 29 

36.44 

24.36 

357.2 

3b0 . 5 

1538,45 

.3542 

14.6 

lOP  24,44 

36.  bu 

24. 73 

322,0 

326.1 

1536,88 

.422« 

22.4 

120  23,40 

36.60 

25.12 

285.7 

290,5 

1534.73 

.4845 

31.5 

140  22,07 

36.73 

25.53 

246,5 

251.9 

1531.72 

.5308 

41.7 

ISO  20,00 

36.53 

25.94 

207.1 

213.0 

1526.35 

.5853 

52.9 

180  18.  ';1 

36,40 

26.28 

174.0 

181.2 

1521.77 

.6247 

65.0 

i 

200  17.09 

36.22 

26.45 

159.2 

165.9 

1518.35 

.6594 

77.9 

220  16.01 

36.05 

26.57 

147,6 

154.6 

1515.22 

.6914 

91.4 

240  14.79 

35.88 

26.71 

134.? 

141.4 

1511.55 

.7210 

105.5 

260  13.91 

35.72 

26.  78 

127.4 

134.8 

1508.87 

. /487 

120.2 

280  12.73 

35.52 

26.87 

119.3 

126.9 

1505.07 

.7748 

135.4 

300  11, 'lb 

35.42 

26.04 

111.9 

119.6 

1502.65 

. f99b 

151.2 

340  11,2b 

35.34 

27.01 

105.8 

114.0 

1500.73 

.8463 

184.1 

380  10.49 

35.22 

27.06 

101.2 

109.9 

1490.56 

.8910 

218.9 

4?0  9.73 

35.10 

27.10 

97.5 

106.5 

1496.31 

.9345 

255.4 

460  9,20 

35.04 

27,14 

93,5 

102.9 

1494.92 

.9763 

293.6 

boo  8,70 

34.98 

27,17 

90,4 

100.1 

1493.66 

1 .0168 

333.5 

540  8.39 

34.95 

27.20 

88.1 

96.3 

1493.09 

1 .0565 

374.9 

580  7.P2 

34.92 

27.24 

83.6 

94.0 

1491,93 

1 .0949 

418.0 

620  7,60 

34.90 

27,26 

82.1 

92.9 

1491.66 

1.1323 

462.5 

660  7.08 

34.83 

27,  SO 

78.6 

89.2 

1489,88 

1.1689 

508.5 

700  6.59 

34.84 

27.37 

71.3 

61.8 

1488.61 

1 .2031 

556.0 

740  6.20 

34.85 

27.43 

66.  n 

76.5 

1487.72 

1.2347 

604.7 

780  b,87 

34.85 

27.47 

62,0 

72.6 

1487.07 

1.2645 

654.7 

820  b,70 

34.86 

27.50 

50.2 

70.0 

1487,04 

1.2929 

705.9 

860  5.43 

34.87 

27.54 

55.3 

66.2 

1486.61 

1.3203 

758.1 

900  b,19 

1 

34. 8P 

27,59 

51.0 

62.0 

1486.32 

1.3459 

811.5 

1 

240 
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1 

I 

i 

1 

j 

i 

L 

' 

|| 

J 

«;TD  bTATION  ^!UMRKK 

Al2 

JULY  ?1,  1971 

tb.5  ' 

LATITUDE 

16  IH 

I.ONGITUOF 

•Hb  41 

TO  BOTTOM 

988 

7 

T 

S 

SIRT 

TANOM 

SVA 

SVEI. 

oynhgt 

TRANS 

n 

27.67 

36,94 

23.23 

46b. 4 

466.4 

1642.13 

,0000 

.0 

2ii 

27,64 

36. 9B 

23.27 

461,3 

462.1 

1642.42 

,0928 

.9 

4f1 

27. hb 

36,02 

23.30 

4 b8 . 7 

460.4 

1 642.80 

.1050 

3.7 

60 

26.92 

36.16 

?3.64 

426.6 

429,1 

1641.62 

,H739 

8.3 

BO 

2b,  40 

36.46 

24.33 

360,0 

3fa3 , 3 

1638.71 

.3632 

14.6 

lOf) 

24,34 

36.61 

?4.78 

318.0 

322,1 

1536.64 

.9217 

22.3 

120 

23,47 

36. 6B 

?b.09 

288.4 

293.2 

1634,90 

.4833 

31.4 

140 

21. «7 

36.63 

25.61 

247.4 

263.2 

1631.11 

.6.379 

41.6 

160 

19.9b 

36.  bP 

25. ‘»b 

?06‘.2 

21?. 1 

1626,20 

.6p44 

52.8 

IflO 

18.4b 

36.44 

26.28 

17b. 1 

181.4 

1.622.23 

.6238 

64.9 

200 

17, bl 

36.29 

26.40 

163.  P 

170.7 

1619.66 

.6590 

77.7 

220 

16.10 

36,09 

?6.b8 

146. b 

153.6 

1615.64 

.6014 

91.2 

240 

14.97 

36.90 

26.69 

136.1 

143.4 

1612.17 

. '211 

1 05.3 

260 

13.  fb 

35. 7n 

26.80 

126.1 

133.6 

1508.37 

, '488 

120.0 

?B0 

13.11 

36.6? 

26.87 

1 19.1 

126.9 

’606,45 

. '748 

135.3 

300 

12.14 

36.4? 

26.91 

1 16.3 

123.1 

1603.29 

.7qQ8 

151.0 

340 

11.11 

36.31 

27.02 

106.2 

113.3 

lbOC.21 

.8465 

184.0 

3bo 

10.  i2 

36.20 

27.07 

99,8 

108,4 

1497.91 

.«qi  1 

218.7 

420 

9,bB 

36.10 

27.12 

96. B 

104,4 

1495.76 

.9337 

?55.2 

460 

9.  IH 

36,04 

27,14 

93.1 

102.5 

'494.87 

.9751 

293.4 

BOO 

8,67 

34,98 

27.17 

90.1 

99,8 

1 493,64 

1 

333.2 

b40 

8,  3b 

34,94 

27,19 

88.6 

98,6 

1492,91 

1 .0651 

374.6 

SHO 

7.94 

34,90 

27.23 

8B.? 

95.6 

1491 .97 

1 .0038 

417.6 

6?o 

7.46 

34,8  7 

27.27 

80.7 

91.2 

1490.76 

1.1310 

462.1 

660 

6.94 

34  . H4 

27.32 

76.0 

86.4 

148Q.35 

1 . 1665 

608.1 

700 

b.b3 

34.86 

27.39 

70.? 

80.6 

1 488,38 

1 . 1098 

655.4 

740 

6.27 

34,86 

27.4? 

67.0 

77.7 

1446.02 

1 .2314 

604.0 

7B0 

b.93 

34.86 

27.47 

61.9 

72.6 

1487.32 

1 ,?bl6 

653.9 

820 

b.7b 

34.87 

?7.60 

69.1 

70.1 

1 487.25 

1 .2901 

704.9 

B6(» 

b.b2 

34.87 

27.63 

66,4 

b7,6 

1486.99 

1 .3176 

757.1 

900 

b,26 

34,89 

27.68 

62,0 

63.1 

1486.61 

’ .34  38 

810.3 

94  0 

b.  1 1 

34.91 

27.61 

4«,u 

69.7 

1486.68 

1 ,3b81 

864.6 

9fln 

b.03 

34,9? 

27.63 

47.? 

58.8 

’ 487,02 

1 .3918 

919.8 

1020 

4,9b 

34.9? 

27.64 

46.1 

67.9 

1487.36 

1 ,9lB? 

975.9 

1100 

4.80 

34.93 

27,66 

43,7 

56.1 

1488,04 

1 .4608 

1090.9 

1200 

4.hO 

34.94 

27.70 

40,8 

63.8 

1 48P.P9 

1 .6158 

1239.8 

241 


I 


'-.TO  STATION  N(JWRf-:R  ni3 
vlULY  21.  1971  19.0  ' 

LATirUDE  16  1ft 

LONRTli'DE  «6  n 

i^EPT'<  TO  ilOTTOM  1372 


1 

T 

S 

SIRT 

TANO'^ 

SVA 

SVEL 

•^YNHbT 

TKANS 

0 

27,ftb 

3ft . 1ft 

23.43 

44b. 9 

44b.  9 

1542.06 

.UuOO 

.0 

20 

27.44 

3ft.  17 

23. op 

441.0 

442.6 

’542.16 

.0889 

.9 

4 0 

27.42 

3ft.  17 

23.48 

441.3 

443.0 

1 542.44 

.1774 

3.6 

60 

27.14 

3ft.  17 

23.67 

432.6 

43b. 1 

1542.14 

.2652 

8.0 

00 

26.47 

3ft.  i£4 

23.04 

4(Jft.n 

410.3 

1541.02 

.3498 

14.1 

ino 

24 . 32 

3ft.  61 

24.79 

316.0 

320.9 

1 536.60 

.4229 

21.9 

1 ?o 

22.9b 

3ft.  71 

2b. 26 

271.7 

276.4 

1533.63 

.4p26 

30.9 

140 

21.21 

3ft.ftft 

2b. 72 

220.4 

233.7 

1 529.40 

.5336 

41.1 

IftO 

19,47 

3ft.  bft 

26.10 

191.6 

197. b 

1524,89 

.5767 

52.2 

loo 

IH.  12 

3ft.  4.3 

26.30 

172.0 

179.1 

1521.83 

.6x44 

64.1 

200 

17.11 

3ft.  23 

26.4b 

lb9.0 

16b. 7 

’518.43 

.6489 

76.7 

220 

16.19 

3ft.  13 

26. S9 

146.3 

lb2.4 

lblb.87 

.ftQ07 

90.0 

24(1 

lb. 47 

3ft. (M 

26.ft6 

138.7 

146.2 

1513.84 

. /lOb 

103.9 

2ft  0 

14.61 

36.6ft 

26.74 

131.0 

139.6 

1511.29 

118.4 

200 

13.27 

3b.ftO 

26. H2 

124.0 

131.7 

1506.94 

. '682 

133.5 

300 

12.47 

3b.  bO 

26. RO 

llft.l 

124.0 

1504.50 

. 'QlH 

149.1 

340 

11.  .7 

36.3ft 

2b. °9 

197.7 

116.1 

1501.54 

.8397 

181.7 

300 

10. IP 

3ft.  17 

27.07 

9°. 9 

108.4 

1497,40 

.8661 

216.2 

4;>o 

9.  n 

36. U« 

27.09 

98.1 

107.0 

1896.23 

.’'280 

252.5 

4ft(,i 

9.  ’ 0 

3b. 04 

27.1b 

92.2 

101. b 

1494.57 

.9693 

290.4 

600 

B.bU 

34.9  7 

27.19 

80. S 

98.0 

1492.90 

1 .0096 

330.0 

640 

«.  16 

34.94 

27.22 

8b. 9 

9b. 0 

1 492.29 

1 ,0482 

371.2 

60  ij 

7. *^4 

34.8'» 

2 7.26 

80.4 

90.3 

1490,42 

1 .Op55 

413.8 

620 

7. 01 

34.6ft 

27.33 

76.6 

85.  b 

1489,00 

I.I2O8 

458.0 

ftfto 

b.b6 

34.  HS 

27.38 

70.7 

80.6 

1487.85 

1 ,1542 

503.5 

700 

6.32 

30.ps 

27.41 

67.6 

77.7 

1487.56 

1.1856 

550.3 

74  0 

6.’1 

34.ps 

27.44 

64.9 

7b.  3 

1487.39 

1 .2163 

598.3 

700 

b.9() 

34.8ft 

27.48 

61.6 

72.2 

1487.18 

1 .2457 

647.6 

opo 

b.  70 

34.8ft 

27. bO 

bO  , q 

69.7 

1487.04 

1 .2742 

698.0 

060 

b.bl 

34.00 

2 (^.64 

bS.b 

66.6 

1486.97 

1 .3014 

749.5 

orio 

b.26 

34.89 

27.68 

bl  .6 

62.  1 

1886.60 

1.3273 

802.0 

940 

b.OR 

34.90 

27.ftl 

49.0 

60.2 

1486.52 

1 ,^518 

«55.6 

900 

4.97 

34.91 

27.63 

47.0 

b8.b 

1486.77 

1 .3766 

910.2 

1020 

4.  18 

34.92 

?7.ftb 

4b. 4 

b7.1 

1487,07 

1 ,3086 

965.7 

lion 

4 . =>  0 

30.92 

27.ftft 

44.6 

bb.9 

1488.04 

1 ,4442 

J 079.4 

1200 

4.  ^7 

34.93 

27.67 

43.4 

56.9 

1480.56 

1 .5008 

1226.6 

1300 

4.66 

34.93 

27.68 

41  .9 

56.1 

1490.74 

1 .5577 

1379.6 

1400 

4.4b 

34.94 

27.72 

30.9 

53.5 

1491.53 

1 .6125 

1558.1 

242 


STD  station  ►iUMBF-R  PIU 

JULY  22,  1971  00.0  ' 

LATirunr  22 

LONG’-U'DE 

DEPT  • TO  901  TOM  3219  ** 


z 

T 

b 

SI«T 

T AMO'* 

SVA 

SVE' 

^'YNhCT 

IKANS 

n 

27,94 

36,16 

23.30 

458.7 

458.7 

1642.91 

.'JOOO 

.0 

20 

27.68 

36,14 

23.38 

451.3 

452.2 

’542,66 

,091  1 

.9 

40 

27.47 

36.17 

23.47 

442.8 

444,5 

1542.55 

.1808 

3.6 

ftO 

26.63 

36.17 

23.74 

416.8 

419.2 

1540,99 

,i?671 

8.1 

an 

2b.  62 

36,40 

24.23 

370.4 

373.7 

1539.19 

. 3464 

14.2 

100 

23.96 

36,66 

24.02 

303.9 

307.9 

1635.77 

.4146 

21.9 

120 

22.47 

36.72 

2b. 41 

257.7 

262.4 

1632.42 

.4716 

30.7 

14f) 

21. ^b 

36,71 

25.72 

228.4 

233.8 

1529.81 

.5212 

40.6 

160 

19.82 

36.60 

26.0b 

197.1 

203.0 

1525.91 

,5649 

51.5 

lao 

16.08 

39,33 

26.33 

170.4 

176.7 

1621.10 

.6029 

63.2 

200 

17.20 

36,30 

26,48 

156.9 

162.  7 

1618,76 

.6368 

75.6 

220 

16. 

36.13 

26.37 

147. fl 

154,9 

1516.17 

.6686 

88.6 

240 

lb.b8 

36.03 

26.66 

139.4 

146.9 

1614.20 

,6988 

102.3 

260 

14.61 

36.86 

26.74 

131.7 

139.5 

1611,30 

.7274 

116.6 

280 

13.90 

36,72 

26.78 

127.4 

135.4 

1509.17 

. 7549 

131.4 

300 

13,20 

36.61 

26. »4 

121.4 

129.7 

1507.07 

. 7pl4 

146.8 

340 

11,93 

36.41 

26.04 

112.4 

121 . 1 

1 603.13 

.8318 

179.0 

300 

10,  73 

36.24 

27.03 

103.7 

112.6 

1499.43 

.8743 

213.2 

420 

10,10 

36.16 

27.03 

93,9 

108.2 

1497.72 

.9225 

249.3 

460 

9,33 

36.07 

27.14 

93.3 

103.3 

1495.44 

,0(,4Q 

287.0 

600 

8.68 

34.93 

27.17 

90.2 

99,9 

1UQ3.56 

1 .0064 

326.4 

b40 

8.  '6 

34.91 

27.21 

36.  U 

96.2 

1491 .80 

1 ,1)449 

367.4 

930 

7.48 

34.87 

27.27 

31 . 1 

90,9 

149U. le 

1 .0822 

410.0 

620 

7.02 

34.89 

27.33 

76.7 

8b,6 

1480,01 

1.1175 

454.0 

660 

6.S6 

34 . 84 

27.37 

71.2 

81.1 

1487.85 

1 .1508 

499.3 

700 

6.  ’4 

34,84 

27.42 

67.3 

77,3 

1487,24 

1 .lf'25 

646.0 

740 

b.91 

34.86 

27.47 

62. 'I 

72.5 

1486,60 

1 .2126 

593.9 

780 

b.61 

34.37 

27.62 

57.3 

67,6 

1486.06 

1 .2404 

643.0 

820 

b.39 

34.83 

27.66 

53.8 

64.1 

1485.81 

1 .2668 

693.1 

860 

b.  14 

3'‘.8« 

27.60 

50.9 

60.6 

1485.47 

1 .2917 

744.3 

ooo 

4.99 

34,91 

27,63 

47.3 

57.9 

1485.52 

1.3154 

796.4 

940 

4,84 

34.92 

27.66 

45,8 

55.8 

1485.57 

1 .3381 

849.5 

03  0 

4.71 

34.93 

27,67 

43,0 

54.0 

1485.70 

1 ,3600 

903.5 

1020 

4,61 

34.94 

27.69 

41.3 

52.5 

1485,98 

1 ,3rl3 

958.3 

1100 

4.49 

34.96 

27.72 

38.2 

49,9 

1486,81 

1,4223 

1070.5 

1200 

4.40 

34,96 

27.72 

38.0 

50.5 

148P.M6 

1,4722 

1215.2 

1300 

4, 84 

34.96 

27.74 

36.6 

50.0 

1489.47 

1 .6222 

1364.9 

1400 

4,30 

■'4,96 

27.74 

36.2 

50.5 

1490.96 

1 .5725 

1619.6 

1600 

4.  '*3 

34,96 

27.7b 

35.5 

50,5 

1492.31 

1 ,6230 

1679.4 

1600 

4.20 

34.97 

27.76 

34.4 

50.3 

1493.84 

1 .6734 

1844.2 

1700 

4.19 

34.97 

27.76 

34.3 

51.1 

1495,45 

1 . 7240 

2014.1 

1800 

4.16 

34. 9« 

27.77 

33."' 

50.9 

1496,99 

1 .7750 

2189.1 

lOOO 

4,13 

34.93 

27.73 

33.0 

51.3 

1498.52 

1.8261 

2369.1 

200  0 

4.U 

34.93 

27.  ?3 

32.8 

51  .9 

1500.10 

1 .8777 

2654.3 
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'■.TD  ‘STATION  nlS 

«IULY  22,  1971  (m.5  ' 

LAIITUOF  lb  lb 

LONfilTllDF  1'’ 

^EPTH  TO  WOTTOM  1899 


? T S 


0 

27 

.*^7 

35 

.8^1 

20 

27 

.96 

35 

.90 

40 

27 

.82 

36 

.02 

6r) 

2b 

.24 

36 

.25 

80 

25 

.59 

3b 

.49 

100 

24 

.13 

3b 

.63 

120 

22 

.90 

3b 

.68 

140 

20 

.80 

3b 

.71 

160 

19 

.21 

3b 

.52 

180 

17 

.79 

36 

.34 

200 

lb 

.90 

36 

.24 

220 

16 

.10 

3b 

.11 

240 

15 

.65 

36 

.01 

260 

14 

.89 

35 

.90 

280 

14 

.i*3 

35 

.7b 

30n 

13 

.17 

35 

.60 

340 

12 

.12 

35 

.41 

380 

10 

.86 

35 

.25 

420 

10 

.12 

35 

.15 

460 

9 

.40 

3M 

.08 

500 

8 

.77 

34 

.99 

540 

8 

.26 

34 

,93 

580 

7 

.61 

34 

.86 

620 

6 

.^8 

3't 

.84 

660 

6 

.65 

34 

.83 

700 

6 

34 

.84 

740 

b 

.09 

34 

.85 

780 

5 

.80 

34 

.85 

820 

5 

.47 

34 

.87 

860 

5 

.^3 

34 

.89 

900 

5 

.10 

34 

.90 

940 

4 

.96 

34 

.91 

980 

4 

.89 

34 

.92 

1020 

4 

.74 

34 

.92 

1 lOO 

4 

.5-^ 

34 

.94 

1200 

4 

.45 

34 

.95 

1300 

4 

.34 

34 

.95 

1400 

4 

.29 

34 

.96 

1500 

4 

.26 

34 

.9b 

1600 

4 

.->4 

34 

.97 

1700 

4 

.20 

34 

.97 

SIFT 
23. 

23.11 

23.24 

23. ^2 

24.40 

24.  Mb 
2b.  ^4 
2b. 07 
2b.  14 
26.37 
26. Ml 
26. bU 
26. b2 

26.71 
26.7b 

26.  M4 
26. '^0 

27.01 

27.07 
27.13 

27.17 
27.20 

27.24 
27.32 
27.36 

27.40 
27.44 
27.48 
27.84  bb.fl 

27.  M8  bl.M 

27. hi  40.3 
27.63  46.0 

27. bb  4b. 4 
27.6b  43.9 

27.70  40. b 

27.72  3R.b 

27.73  37.4 

27.74  36.1 

27.7b  3b. 8 

27.76  34.9 

27.76  34.4 


SVEI 

1642.74 
1643.05 

1643.17 

1640.17 
1538.60 
1536.16 

1532.71 
1528.35 
1624.15 
1620.21 
1617.79 
1615.67 
1614.41 
1512.21 
1510.28 
1506.95 
1503.83 
1499.91 
1497.77 

1495.72 
1493.03 
1492.57 
1490.66 

86.6  1488.83 

82.9  1488.17 
79.4  1487.84 

76.0  1487.28 

71.2  1406.77 

66.3  1486.12 

62.3  1485.82 

60.1  1485.97 

57.9  1486.09 

56.7  1486.43 

55.4  1486.50 

52.4  1487.12 
bl.2  1488.27 

50.7  1489.46 
50.3  1490.91 

50.9  1492.43 

50. 8 1494.01 

51.2  1495.49 


-YNhGT 

TRANS 

.UuOO 

.0 

.0957 

1.0 

.1901 

3.8 

.2769 

8.5 

.3529 

14.8 

.4200 

22.5 

.4784 

31.5 

.8272 

41.6 

.5685 

52.5 

.bu5? 

64.2 

.5385 

76.7 

.5696 

89.8 

.7000 

103.5 

.7293 

117.8 

.7574 

132.6 

.7p43 

148.0 

.8347 

180.4 

.8822 

214.8 

.9265 

251.0 

.«692 

288.9 

1 .uinn 

328.5 

1.0496 

369.7 

1 .0800 

412.4 

1 .1243 

456.7 

1 .1582 

502.3 

1 .1906 

549.3 

1 .2214 

597.5 

1 .2507 

647.0 

1 .2783 

697.6 

1.3039 

749.2 

1 .3204 

801.9 

1 .3520 

855.5 

1.3749 

910.0 

1.3973 

965.5 

1.4403 

1079.0 

1.4923 

1225.6 

1.5432 

1377.4 

1.5935 

1534.2 

1 .6441 

1696.1 

1 .5950 

1863.1 

1 .7460 

2035.1 

TAMOM  SVA 
478.4  478.4 

477.3  478.2 

464.6  4b6.3 

399.7  402.2 

353.8  357.1 

310.4  314.4 

264.1  268.0 

214.1  219.4 
IMM.2  194.0 

166.7  172.0 

153.5  lbO.2 

146.1  152.2 

142.9  150.5 

134.2  142.1 

130.7  138.9 

121.8  130.1 

115.9  124.7 

105.6  114.6 
99. P 109.2 

94.0  103.6 

90.0  100.7 

87.7  97.7 

83.7  93.7 

76.7 
72.9 
69.2 
64.6 

60 . 8 
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';td  station  mumbf.r  oi6 

JULY  1R71  OH, 9 ' 

LATITUDE  16  IS 

longitude  H7 

HEPTM  TO  BOTTOM  1691  '* 


z 

T 

S 

SI6T 

TAN09 

bVA 

5VEL 

GYNhRT 

TRANS 

n 

28.  30 

35.79 

22.91 

495.9 

495.9 

1 543,36 

,0000 

.0 

20 

29,13 

35.82 

22.99 

489.0 

488,9 

1543,34 

.0985 

1.0 

40 

27.42 

36.00 

23.23 

465.3 

467.0 

1543.15 

,1Q41 

3.9 

GO 

26.42 

36,10 

23.78 

413.0 

41b. b 

1540.49 

.2823 

8.7 

PO 

2b. bb 

36.39 

24.23 

369,9 

372.9 

1539.05 

.3612 

15.1 

ion 

24.  ^0 

36. 6U 

24.  H2 

314,2 

318.3 

1536.59 

.4303 

23.0 

120 

22.74 

36.  71 

25.33 

265.7 

270.5 

1533.09 

.8691 

32.2 

140 

21,14 

36.70 

25.77 

223.5 

228.9 

1529.26 

.5391 

42.5 

160 

19,58 

36,52 

26.05 

196.7 

202.6 

1525.19 

.5922 

53.7 

IRO 

18.03 

36.37 

26.33 

170,3 

176.5 

1520.96 

.6201 

65.7 

200 

16.62 

36. IP 

26.53 

151,6 

158.2 

1516.91 

.6536 

79.5 

220 

lb. 77 

36.03 

26.61 

143.3 

150.3 

1514.47 

.68,8  5 

91.9 

240 

14.93 

35.9? 

26.72 

133.7 

141.0 

1512.06 

. ^136 

105.8 

260 

14,17 

35. 7H 

26.77 

128.2 

135.8 

1509.79 

. '413 

120.4 

240 

13. 52 

35.67 

26.83 

123. ) 

131.0 

1507.96 

. '680 

135.5 

300 

12.4b 

35, bP 

26.89 

117.1 

125.2 

1505,86 

. '936 

151.1 

340 

11.57 

35.36 

26.97 

109,9 

118.3 

1501.87 

.8420 

183.8 

3H0 

10.4b 

35.24 

27.08 

99.4 

lOP.l 

1U9B.44 

.8876 

218.4 

42f) 

9.71 

y.i? 

27.12 

95.6 

104.6 

1496.29 

.‘*303 

254.8 

460 

9.00 

35.04 

27.17 

90.7 

99.9 

1494.20 

.9710 

292.8 

boo 

H.44 

34. 9« 

27.21 

86.7 

96,2 

1492.69 

1 .0103 

332.4 

540 

8.17 

34.96 

27.23 

84.5 

94.4 

1492.29 

1.0485 

373.6 

bflo 

7.-1 

3'>.91 

27.28 

HO.O 

90.0 

1490,74 

1.0954 

416.3 

620 

7.04 

34.8H 

27.34 

74,9 

84.8 

1499.12 

1.1205 

460.4 

660 

6,61 

3't  .87 

27.39 

69.7 

79.7 

1498,10 

1.1533 

505.9 

700 

6.  37 

34.87 

27.42 

66.6 

76,8 

1497.77 

1.1846 

552.7 

740 

b , 1 7 

34.87 

27.4b 

64,1 

74.7 

1497,62 

1 .2149 

600.7 

740 

b,  -»H 

34,88 

27.49 

60.0 

70.6 

1487.13 

1.2440 

649.8 

P20 

b.bO 

34.98 

27,53 

56.5 

67,2 

1486.66 

1.2715 

700.1 

P.60 

b.41 

34.90 

27,57 

53.0 

63,9 

IU96.57 

1 ,2079 

751.5 

900 

b.  17 

34.93 

27.62 

48.1 

59,1 

1486,27 

1.3223 

903.9 

940 

b.03 

34.94 

27.65 

45.2 

56.3 

1496,39 

1.3454 

957.3 

OPO 

4.49 

34.95 

27.67 

43.1 

54.4 

1496.48 

1.3675 

911.6 

10?o 

4.78 

34.95 

27.69 

42.1 

53.7 

1496.67 

1.3991 

966.7 

IlOO 

4.69 

34,95 

27.69 

41.0 

53,3 

1487.62 

1.4319 

1079.5 

1200 

4.53 

34.97 

27.73 

37.8 

50.6 

1488.61 

I.H934 

1225.3 

k 


‘‘TU  MATION  Pl7 

JULY  1M71  13.4  7 

I AT  I ruOE  Ih 

1 Oi^l(;  rTun*^  3^ 

'ILKT''  TO  bottom  ?bH6 


7 

T 

S 

Sir,T 

TAMO^-i 

bVA 

SVEL 

'^YNmGI 

tbans 

n 

27.  '0 

36.0b 

23.24 

464.7 

464.7 

1542.73 

.0000 

.0 

?n 

27.  *1 

36.06 

23.23 

466. P 

4b6.8 

1543.08 

.0031 

.9 

411 

2 7.03 

36.06 

23.23 

466,8 

467. b 

1543.46 

. Ip64 

3.7 

8'i 

2h.‘iM 

3fa.0‘-' 

23.66 

424.1 

426.6 

’541.04 

.2768 

8.3 

nil 

2b.  14 

36.30 

24.06 

386.7 

390.0 

1639.85 

.3575 

14.7 

1 n-i 

24.4  7 

36.b'i 

24.72 

323.(1 

327.1 

1536.95 

,4292 

22.5 

1 PH 

22.  b2 

36. 

2b. 4b 

2b3.9 

?b8.6 

T 532.60 

.48,77 

31.7 

14(1 

20. 4.0 

36.67 

2b. 42 

214,6 

223.9 

1528.48 

.6360 

42.0 

1 fid 

19.14 

36.  b2 

26.16 

186.0 

191 .8 

1523.93 

.5776 

53.1 

1 nn 

17. 4H 

36.40 

26.37 

166.7 

172.9 

1520.84 

.6140 

65.0 

211(1 

17.  ('2 

36. 2« 

26. bl 

lb3.2 

lbo.9 

1614.19 

.6473 

77.6 

22(1 

lb. 44 

36.  1 7 

26.S6 

148.2 

lbb.4 

1616.67 

.6748 

90.9 

2'Ui 

lb.  03 

36. 0« 

26.69 

146.6 

153.2 

lblb.66 

. '097 

104.8 

?^'i 

lb. 27 

36.99 

26.69 

136,1 

144.2 

1613.50 

.7394 

119.3 

2nn 

14.  ^6 

36.81 

26.76 

129,0 

138.2 

1510.77 

. '677 

134.3 

30(1 

13.  59 

3b. 66 

26.44 

121.6 

130.0 

1507.75 

. '945 

149.9 

34  n 

11  .'>7 

36.44 

26.9b 

1 11  .2 

119.9 

1 503.34 

.8449 

182.7 

3"(i 

10.6b 

36.21 

27.02 

104,9 

113.7 

1499.15 

.891s 

217.5 

4P(I 

9.62 

36.04 

27.10 

‘^7.1 

106.0 

1495.90 

.9362 

?54.0 

4M1 

b.H2 

3b. 01 

27.17 

9P,4 

99.4 

1493,49 

.9764 

292.3 

bnn 

8.  56 

34.96 

27.21 

8^.0 

96.4 

1492.35 

1 .0164 

332.1 

6>4(i 

8.  'b 

34.94 

27.23 

84.4 

94.2 

1491.84 

1 .0535 

373.5 

BHd 

7.76 

34.91 

27.26 

82.  (1 

92.2 

1491,29 

1 .Oypq 

416.4 

62(1 

7.  Ml 

34.86 

27.28 

79.7 

90.0 

1490.12 

1.1271 

460.7 

66(1 

b.'n 

34.06 

27.33 

7b. P 

8b. 4 

1489,24 

1 .1623 

506.5 

70(1 

fa  . 6fa 

34.83 

27.  5b 

73.3 

83.9 

1488.88 

1 . 1069 

553.7 

74  0 

b.4(J 

34.84 

27.40 

69.2 

60.1 

1488,51 

1 .2288 

602.2 

7P0 

h.'.iO 

34.84 

27.4b 

64.  n 

74.8 

1487.58 

1.2598 

652.0 

«20 

b . 6b 

34,87 

27.  b2 

b/.9 

68 . 6 

1486.86 

' .2886 

702.9 

66(1 

b.40 

34.84 

27.6b 

b3.9 

64.8 

1486,52 

’ .3153 

755.0 

900 

b . 16 

34.9(1 

27.60 

bO.O 

60.9 

1486.22 

1 ,3403 

H08. 1 

040 

4. '18 

34.90 

27.62 

47.9 

58,9 

14Rb.l2 

’ .3643 

862.2 

9R0 

4. M3 

34.9? 

27.6b 

44.9 

56.1 

1486.19 

1 .3873 

917.3 

U)?(1 

4.71 

34.94 

27.68 

42.3 

53.7 

1486,37 

1.4092 

973.2 

IT  0(1 

4.b2 

34.96 

27.71 

39.2 

bl . 1 

1486.93 

1.4509 

1 087.6 

l?oo 

4.44 

34.96 

27.72 

34.4 

bl.O 

1488.23 

’ .5ul8 

1235.2 

130  0 

4 . 3fa 

34.96 

27.74 

37.0 

bO.b 

1 480.63 

1 .5629 

1 388.0 

140(1 

4.  12 

34.96 

27.74 

36.4 

bO.7 

1491.03 

1 ,6u3b 

1545.8 

Iboo 

4.-  7 

34.96 

27.7b 

36.9 

bl.O 

1492.47 

1.6544 

1708.7 

160(1 

4.  P3 

34.97 

27.  ^6 

34.7 

bO.b 

1493.95 

1. '061 

1876.7 

170(1 

4,^1 

34.97 

27.76 

34.  b 

bl . 3 

’495.53 

1 .'561 

2049.7 

l«no 

4.18 

34.94 

27.77 

33.6 

51 .1 

1497.07 

’ .8C73 

2227.9 

190  0 

4.1b 

34.94 

27.77 

33.3 

bl . 7 

1498.64 

1 .8547 

2411.2 

20  0(1 

4. 13 

34.94 

27. 

33.0 

52.2 

1 500.19 

1 .9107 

2699.7 
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«;TD  blflTIOM  MUMRF.R  01« 
JULY  id?,  1971  18.3  ' 

I AHTUnE  lb  R7 

IONgTTI.IDE  87  S'* 

nEPTH  TO  ROTTOM  2414 


7 

T 

S 

SI«T 

TAMC'* 

SVA 

bVEI. 

thans 

r> 

28.13 

38.04 

23.15 

4 72.6 

4 72.8 

1543.22 

.ouoo 

.0 

20 

28.08 

38.04 

23.17 

4 71,0 

471.9 

1543.44 

, 0gU4 

.9 

4r) 

28.08 

38.04 

23.1b 

470.4 

472.1 

1543,72 

.1888 

3.8 

bO 

27.33 

38.09 

23.45 

444.1 

448.6 

1542.49 

.2807 

8.5 

«fi 

28.79 

38.38 

24.14 

3 78.4 

382.1 

1539.84 

. 3638 

14.9 

1(10 

24,4? 

38. 8H 

24. 73 

322.3 

328.3 

1 538,82 

.4344 

22.9 

l?o 

22.83 

38.  70 

25.35 

263,8 

268.3 

1532.81 

.4030 

32.2 

140 

2U.80 

38.88 

25.81 

219.3 

224.6 

1528.47 

.5432 

42.6 

Ibo 

19.  '>4 

38.84 

26.1  5 

187.0 

192.8 

1524,24 

.5849 

53.8 

180 

18.  (8 

38.47 

2b.  30 

172.0 

179.3 

1522.28 

.6221 

65.9 

200 

17.^  1 

36.38 

26.43 

lbl.4 

167.9 

1520.03 

.8589 

78.7 

??() 

lb. 71 

38.20 

28.82 

152.1 

159.4 

1817.52 

.8^06 

92.2 

?40 

18.  70 

38.04 

28.83 

141.8 

149.0 

1814.59 

. 7204 

106.3 

280 

14.79 

38,  HP 

28.  71 

133.8 

141.7 

1511.88 

. 7495 

121.0 

?8n 

14.23 

38.81 

28.78 

127.4 

135.6 

1510.33 

. 7772 

136.2 

300 

13.  '0 

38.68 

?6.«5 

120.6 

129.0 

1 507.44 

.8037 

152.0 

340 

11.  n 

38.41 

28. "7 

109.8 

118.1 

1502.63 

,8530 

185.2 

380 

10.80 

35.23 

27.08 

100,7 

109.4 

1498,80 

, 8qP8 

220.2 

420 

9.73 

38.13 

27.12 

95.4 

104,4 

1496.35 

.9418 

257.0 

480 

9.31 

38.07 

27.14 

93.? 

102.7 

1495.38 

.9829 

295.5 

hOo 

8.44 

34. 9P 

27.21 

88.7 

98.1 

1492.88 

1 

.0259 

335.8 

b40 

7.  71 

34.91 

27.27 

81,4 

90.8 

1490.48 

1 
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1836.2 

1600 

4.  ■'3 
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B.b 

Mil 

2b.. -b 

36.27 
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16.^2,00 

. '019 
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84.1 
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198.6 
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99.6 
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26.29 
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17.97 

36.4  3 
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.8tip4 
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1613.67 

1 .0607 
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420 
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36. 3b 
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36.20 

27.06 
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1 
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9.46 
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96.4 
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36.01 

27.1b 

91.6 
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1406.76 
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8.39 

34.96 

27.20 

Hr,^ 

99.0 
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34.91 

27.2b 
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94.4 

1492,78 
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7.29 

34.87 
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7H,6 

90.1 

1491.37 

1 .404? 

644.8 
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b.  7b 

34.8b 

27.36 

72.9 

84.3 

1480,89 

1 .4>Ql 

701.7 
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6.37 

34.86 

27.41 
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1489.06 

1 .4718 
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b.99 

34.86 

27.46 

62.7 
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14.88.20 
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P60 

b.73 

34.87 

27.61 
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70.2 

1487.82 
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b.b2 

34.89 

27. bb 
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66.4 

1487.66 
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34.90 
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bo.b 
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46.0 

b7.9 
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34.94 
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41.9 
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34.96 

27.73 
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bO.b 

1492.66 

1 ,8pn0 

1078.6 

1600 

4.2b 

34.97 

27.76 

34.0 
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27.77 
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bO.8 

1 496 .90 

?.0364 

2666.6 

loor) 
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1544.04 

.OoOO 

.0 

Zn 

28.40 
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40 
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23.90 

36.  70 

24.00 

298.8 
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56.6 
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84.6 
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260 
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17.67 

36.40 

26.47 
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16.99 
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1519.73 
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147.0 
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1 
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1 
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13.44 
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26.88 
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l^'lU.bb 

1 

. 1623 

336.4 
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11.96 
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1 
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1 
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96.0 
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1 
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9.0b 
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27.1b 

92.2 
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1 
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660 
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27.20 
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100.1 
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1 
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592.7 
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7.68 
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94.6 
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1 
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34.86 
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1 
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ab.b 
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1 
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1 
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827.0 
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34.86 

27.44 
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1 
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34.88 

27.48 

61. b 
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1 
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34.87 
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1 
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b.bU 

34. 8« 
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b4.6 
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1 
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1020 
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34.90 
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bO.o 
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1 
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44.6 
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1 
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1 
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33.0 
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17.67 

36.41 
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26.54 

150,3 

lbl.5 
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1 
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104.7 
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597.6 
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1 

.4653 
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6.14 
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77.9 
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1 
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73.0 
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1 
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1 

.6825 
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1 
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10.29 

34.25 
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95.7 
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1 
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35.04 
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1 
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34.97 
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1 
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1 
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70.6 

92.0 
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1 
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87.0 
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76.9 
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1 
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50.6 
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1 
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5.4b 

34.80 
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1488.06 

1 
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5.24 

34.91 
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1487.85 

1 
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5.04 

34.92 

27.63 

47.1 

59.2 

1487.70 

1 
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4.  76 

34.94 

27.68 

42.6 

54.0 
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1 

.7469 
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4.54 

34.95 

27.  71 

39,9 

52.9 

1488.80 

1 
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4.46 
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27.73 

37.9 
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34.96 
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36.0 

51.4 
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1 
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34.97 

27.75 

15.7 

50.9 
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1 
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35.1 
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0 
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51.0 
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P 
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P 
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1520.38 

. /7?9 

87.1 

2'?o 

19.41 
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1527.13 

,8160 

1 02.9 
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300 
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1 
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213.7 
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1 
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27.02 
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1 
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9.0b 
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32.7 
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1621.80 

. 7oPO 

82.3 

220 

1 /.  '3 

36.20 
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26.66 

148. Q 
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16.41 
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14.62 

36.84 

26.74 
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139.6 

1611,30 
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13.43 

36.66 

26.83 
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1607.88 
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11.  V 

38.33 

26.98 

108.3 

116.6 
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9.76 

36.12 

27.11 

96.6 

104.8 

1495.80 

.9640 

233.8 
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9.21 

36.06 

27.16 

92.4 

101.0 

1494.36 

.9951 

272.8 
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6.64 

34.9" 

27.80 

87. 4 

96.2 

1492.42 

1 .0346 

313.4 
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7.0(1 

34.92 

27.26 

83.3 

92.3 

1490.65 

’ .0722 

355.5 
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34.88 

27.29 

78.8 

87.8 

1 489.08 

1 .1081 

399.1 
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6.92 

34.86 

2 7.33 

76.2 

84.3 

1 487.97 

1.1426 

444.2 
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6.63 

34.86 

27.39 

70.1 

79.4 

1 487.09 

1 .1752 

490.5 
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34.86 

27.46 

64.1 

73.6 

1 486.09 

1 .2059 

636.2 
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6.76 

34.87 

27.60 

69.0 

68.4 

1485.31 

1.2343 

587.0 
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6.40 

34.89 

27.66 

63.4 

62.8 

1484.68 

1 .2606 

636.9 
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6.76 

J4 .90 

27.69 

61.0 

60.6 

1484.63 

1 .2852 

687.8 
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6.04 

34.92 

27.63 

47.1 

66.9 

1484.45 

1 . 3o87 

739.7 
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4.88 

34.93 

27.66 

44.6 

54.6 

1484.46 

1.3310 

792.6 
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4. 78 

34.93 

2 7.67 

43.5 

63.7 

1 484.70 

1 .3526 

«46.1 

“40 

4.68 

34.94 

27.69 

41.7 

62.2 

1484.96 

1 .3737 
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4.61 

34.96 

27.70 

40.2 

61.0 

1485.34 

1 .3944 

956.0 
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4.63 

34.96 

27.71 

39.3 

60.4 

1485.66 

1 .9146 

1012.2 
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4.42 

34.97 

27.74 

36.7 

48.3 

1486.64 

1.4544 
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4.32 

34.96 
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48.7 
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1427.6 

1400 

4.23 

34.97 
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27.78 

33.2 
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130.9 

.■500 

13.20 
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478.9 

' 843.16 

.0000 

.0 

?(' 

2b , Oto 

3^.U2 

23.1b 

4 71.8 

472.7 

1843.38 

,flq40 

.9 

on 

28. oj 

38.02 

23.17 

470.0 

472.6 

1843.64 

. lpo4 

3.8 

b'l 

2/.  '9 

38.10 

23.41 

4 4 8.3 

480.9 

1842.88 

.2817 

8.8 

qn 

2o.  10 

38.27 

23. ‘'2 

399.8 

403.1 

1 840.68 

.3671 

18.0 

1 nn 

28.20 

38.41' 

24,43 

381 .3 

388 . 8 

1 838.61 

.4430 

23.1 

1 ?n 

2 3.22 

■^8.b3 

28.12 

284  . P 

2b9.6 

1834.23 

.8;j78 

32.6 

140 

20.03 

38.88 

28.  79 

221 .8 

2.27.2 

1 828.68 

.85M? 

43.3 

1 ftri 

19.  n 

38  .b3 

2b  ,13 

IHM.b 

198.3 

' 824.43 

.6i'14 

54.9 

1 «n 

1 /.'b 

38.38 

26.3  7 

lo6.M 

173.1 

18?u .44 

.6383 

67.3 

:>oo 

lb.  a 

38.21 

26.83 

181.4 

158.0 

1817.21 

.6714 

80.4 

?2n 

ib.ob 

38.0<J 

26.61 

143.8 

180.8 

1815.1? 

.7ci22 

94.1 

?4  0 

Ib.i'S 

38.94 

26.70 

13b. S 

142.9 

1812.84 

. 7318 

108.8 

?bit 

14.0  2 

38.74 

26.77 

128.3 

138.8 

1 800.28 

. 7504 

123.3 

?OM 

1 3 . 1 3 

3‘^.b3 

26.07 

118.8 

126.8 

1806.83 

. 7857 

138.8 

3()o 

12.  r3 

38.88 

26.  MU 

116.3 

124.4 

1 808.43 

.8107 

154.8 

34  0 

12.  H) 

38.47 

26. Mb 

111.1 

11M.9 

1803. B3 

.Bh«8 

188.2 

3 Of' 

10.13 

38.18 

27.09 

98.2 

106.7 

1 4M7.21 

.904  7 

223.5 

4?o 

9 . c)b 

38.12 

2 7.12 

Mb.  n 

104. 0 

1406.08 

,9468 

260.5 

4<S0 

9.21 

38.0  7 

27.16 

91.7 

101.1 

1498.01 

.98  78 

299.2 

Sof) 

8.  n) 

38.00 

27.  IQ 

8Q.  1 

9«.H 

1403.68 

1.0277 

339.5 

b4'l 

H.21 

34 ,9b 

27.22 

8b.  «5 

98.8 

1 402.41 

1 .0667 

381.4 

S40 

7.b7 

34.8^ 

27.27 

80.  Q 

90.9 

1490.84 

1 .1080 

U24 .8 

b?0 

b.<'4 

34.88 

27.34 

74.7 

84.8 

1488.71 

1 

469.7 

bbO 

b . bb 

3 ' 

27.37 

71.8 

81.8 

1 488,25 

1 .1722 

615.9 

70  0 

b.  '8 

34.84 

27.40 

69.0 

79.2 

1487.78 

1 .2043 

563.4 

74  0 

b.  08 

34.8b 

27.4b 

63.8 

74.2 

1 487.26 

1.2351 

612.2 

7pi) 

b.  "O 

34.87 

27.80 

8Q.6 

70,1 

1 486.81 

1 .2637 

662.2 

«?i) 

b.V 

34.  MO 

27.88 

81.8 

62.0 

1 485.56 

1 ,2yn3 

713.3 

ObO 

b.  lb 

34  .91 

27.61 

4Q.  1 

8M.8 

1488.84 

1 .3146 

765.4 

ooo 

4.  *1 

34.93 

27.66 

43.8 

84.1 

1 484.83 

1.3378 

818.5 
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'*,TU  STATION  NUMBf-'M 
JULY  27,  1971  Pll.3  ' 

LATITUDE  18 

LONRlTIlrF  8 7 ?4 

HEPTH  TO  ROTTOM  Uft2 


7. 

T 

s 

SIRT 

TAMQM 

SVA 

SVEL 

DYNhGT 

0 

28.25 

35.98 

23.07 

480.7 

480.7 

1543.43 

.OqOO 

2n 

28.08 

38.03 

23.18 

4 71.7 

472.6 

1 543.43 

.0953 

4 0 

2 7 . '->5 

38.04 

23.21 

467.0 

4b6.7 

1543.48 

.1845 

8f) 

27.13 

38.11 

23.53 

436.5 

439.0 

1542.06 

,2002 

80 

25.31 

38.44 

24.35 

358.2 

361  .5 

1530.50 

.3603 

lOf) 

23.42 

38.68 

25.10 

288.8 

290.8 

1534.45 

.4255 

120 

21.'  2 

38.88 

25.85 

235.1 

239.8 

1524,92 

.4788 

140 

19.33 

38.55 

26.14 

180.5 

193.8 

1524.18 

.5214 

180 

18.11 

3/^.43 

28.36 

187.7 

173.3 

1 520.92 

.5588 

1 «n 

1 7.28 

38.20 

26.45 

158. S 

164.6 

1518.67 

.5024 

20  0 

16.56 

38. 1« 

26.54 

150.2 

156.7 

1518.72 

.8245 

220 

15.82 

38.08 

26.84 

141 . 1 

148.1 

1514.88 

.8550 

240 

15.06 

35.94 

28.70 

135.1 

142.4 

1512.48 

.6041 

280 

13.  >7 

35.76 

26.80 

125.6 

133.4 

1 509.12 

. 7116 

280 

12.44 

35.61 

26.40 

118.8 

124.3 

1 505.87 

. 7374 

300 

12.43 

35.54 

28.44 

112.1 

120.0 

1504.40 

. 7bl8 

34  0 

11.75 

35.41 

28.47 

109. 2 

117.8 

1502.56 

.8047 

380 

10.02 

35.24 

27.03 

103.4 

112.4 

1500.17 

.8555 

420 

10.13 

3'-.  10 

27. ('9 

98.2 

10  7.6 

1 497.88 

.8904 

480 

9.32 

3«^.07 

27.14 

93.4 

102.4 

1 495.42 

.«415 

500 

8.58 

3''  .94 

27.20 

88.0 

97.8 

1443.21 

.9015 

540 

8.38 

34  .97 

27. '->1 

86.5 

98.7 

1 493,08 

1 

.0204 

580 

8.10 

34.94 

27.23 

84.7 

95.3 

1492.83 

1 

.0589 

820 

7.68 

34.90 

27.26 

81.7 

92.5 

1491.82 

1 

.1)065 

660 

7.31 

34 . 88 

2 7.30 

78.1 

89.1 

1490.82 

1 

.1328 

700 

7.00 

34.87 

27.34 

74.7 

85.9 

1490.25 

1 

.1675 

740 

6.55 

34.87 

27.40 

80.9 

80.0 

1489. 14 

1 

.2007 

780 

5.  -9 

34.87 

27.47 

61.9 

72.7 

1 487.57 

1 

.2317 

820 

5.^9 

34.88 

27.53 

56.4 

67.1 

1 488.63 

1 

.2544 

860 

5.15 

34.91 

27, 6 1 

49,1 

54.5 

1 485.54 

1 

.2051 

TPANS 

.0 

1.0 

3.8 

8.5 

14.9 

22.8 

31.8 

41.8 

52.8 

64.1 

76.3 

89.1 
102.5 
lib. 4 

130.9 

145.9 

177.3 

210.7 

245.8 

282.8 

321.0 

361.1 

402.7 

445.8 

490.4 

536.4 
583.7 

832.4 

682.2 
733.1 


<;Tn  station  mumheh  -'b 

JULY  28,  1971  00.5  7 
LATITUDE  18  8" 
LONGTTl'PF  87  2‘> 
DEPTH  TO  bottom  058 


z 

T 

b 

SIGT 

TANO" 

SVA 

SVEL 

-YNhGT 

TRANS 

0 

28.24 

36,05 

23.13 

475.3 

475.3 

1543.47 

,0000 

.0 

2fi 

28.13 

36.05 

23.16 

471. Q 

472.7 

1543.56 

.0948 

.9 

40 

27.  1b 

36,07 

23,30 

4 58.Q 

460.6 

1543.09 

.1881 

3.8 

80 

26.03 

36, 2H 

24.01 

391.0 

393.5 

1539.71 

.H735 

8.4 

80 

25.01 

36, 4K 

24,46 

348,0 

351.2 

1537.81 

.3480 

14.6 

100 

23.58 

35.67 

25,05 

29?  , n 

296.0 

1534,84 

.4127 

22.2 

120 

21.93 

36.72 

25.56 

243.1 

247.8 

1531,02 

.4671 

31.0 

140 

20.»s8 

36.67 

2b. °7 

215.9 

219.2 

1526.00 

.5138 

40.8 

160 

19.36 

36.57 

26.14 

187.8 

193.6 

1524.61 

.5551 

51.5 

180 

18.45 

36,48 

26,31 

172.2 

17P.5 

1522.27 

.5923 

63.0 

200 

17,41 

36.33 

26.45 

158.6 

165.4 

1519.42 

.6267 

75.2 

220 

16.55 

36.20 

26,56 

148.5 

155.7 

1517.04 

.6588 

88.0 

240 

15.53 

36.03 

26.66 

138.5 

146.0 

1514.05 

,6890 

101.5 

260 

14.26 

35,81 

26.77 

128.0 

135.7 

1510.11 

,7i72 

115.6 

280 

13.26 

35,65 

26.86 

119.8 

127.6 

1506,98 

.7435 

130.2 

300 

12.75 

35.58 

26. «1 

115.2 

123.3 

1505.52 

.7686 

145.3 

340 

11.72 

35,41 

26.96 

108.7 

117.2 

1502.46 

.8169 

177.0 

380 

10.62 

3«.26 

27.07 

ino.5 

109.3 

1499.07 

,8623 

210.6 

420 

9.79 

35.13 

27.11 

96,4 

106,5 

1496.57 

.9053 

246.0 

460 

9.-6 

35.11 

27.13 

94.2 

103,9 

1496,35 

.9471 

283.0 

500 

9.21 

35.07 

27.16 

91.7 

101.9 

1495.66 

.9881 

321.7 

54  0 

8.47 

34.98 

27.21 

87,1 

97.4 

1493.43 

1 .0281 

362,1 

580 

7. ‘’3 

34.92 

27.26 

82.3 

92.6 

1491.58 

1 ,0661 

403.9 

620 

7,18 

34.88 

27.32 

76.4 

86.5 

1489.67 

1.1020 

447.3 
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«;T0  bT/»TIOfSI  •'JUMPER  ih 
JULY  1971  n^i.?  ' 

LATTTUne  IM  17 

lONPiruoE  Hf 

TO  ROT  TOM  lb45 


7. 

T 

5 

SI6T 

TAMC“ 

5VA 

5VEL 

“YNhGT 

n 

28.16 

36.03 

23.14 

474.3 

474.3 

1543.28 

.ucno 

20 

28.  16 

36.04 

23.15 

473.5 

474.4 

1 543,61 

.0949 

40 

27.91 

36.05 

23.23 

465.0 

466.7 

1543.40 

.1890 

60 

2b. “8 

36.14 

23.60 

429.8 

432.3 

1541.75 

.2789 

PO 

25.59 

36.40 

24,24 

369.3 

372.6 

1539.12 

.3504 

ino 

23.41 

36.66 

25,09 

287.0 

291.9 

1534.41 

.4268 

120 

21.05 

36.67 

25.77 

223.5 

228.1 

’528.67 

.4778 

14f1 

19.18 

36.53 

26.16 

186.3 

191.3 

1523,74 

.5198 

160 

18.14 

36.45 

26  . -36 

167.0 

172.6 

1521.02 

.5561 

180 

17.21 

36.32 

26.49 

154.7 

160.8 

1518.49 

.5595 

200 

16.58 

36.21 

26.56 

148,4 

155.0 

1516.81 

.6211 

220 

lb. “8 

36.12 

26,6>1 

141  .7 

148.8 

1515.21 

.6514 

240 

15.40 

36.01 

26.68 

137.2 

144.7 

1513.62 

.6808 

260 

14,68 

35.8“ 

26.75 

130.8 

138.6 

1511.54 

.7091 

280 

13.92 

35.76 

26.81 

124.8 

132.9 

1509.27 

. 7353 

300 

13.30 

35.66 

26.86 

119.9 

128.3 

1507.45 

. Tb24 

34  0 

11.68 

35.41 

26.““ 

107.9 

116.5 

1502.32 

.5115 

380 

11.05 

35.31 

27.03 

104.2 

113.3 

1500.65 

.8576 

420 

10.64 

35.26 

27.0b 

100.8 

110.6 

1499.78 

.^023 

460 

10,60 

35.25 

27.06 

mi.Q 

U 1 .5 

1500.27 

.“468 

500 

10.03 

35.17 

27.10 

^^7.3 

108.3 

1498.77 

,9900 

54  0 

9.25 

35.07 

27.15 

“2.3 

103.3 

1 496,45 

1 

.0334 

5Pn 

8.75 

3‘^.IM 

27.19 

89.1 

100.4 

1 495.17 

1 

.0700 

620 

8.38 

34.97 

27.21 

86.5 

98.  1 

1494.37 

1 

.1138 

660 

7.89 

34.92 

27.25 

83.2 

94.9 

1 493,10 

1 

.1524 

700 

7.:n 

34.87 

27.  ^1 

77.5 

8°.0 

1491.07 

1 

.16“2 

740 

6 . Ab 

34.88 

27.37 

71  .8 

83.0 

1 480,54 

1 

7P(t 

6.30 

34.86 

66.5 

77.8 

1486,79 

1 

.2557 

820 

b.'’“ 

34. H7 

27.49 

60.7 

71  .9 

1 487,82 

1 

.2857 

860 

b.bl 

34.8“ 

27.54 

65.0 

67.1 

1487.37 

1 

.3134 

ono 

5.39 

34.8“ 

27.56 

53.3 

64  . r 

’ 487.13 

1 

.3398 

“40 

b,  lo 

34. “1 

27.6  1 

48 , 9 

bO.2 

1486.76 

1 

.3545 

“80 

5.03 

34.92 

47,0 

58.6 

1487.02 

1 

.3883 

10  20 

4.87 

34  .“3 

2 7.66 

44,5 

56.2 

1487.03 

1 

.4112 

1 1 00 

4 , •■'6 

34  .94 

2 7.6“ 

41.5 

53.6 

1 487.49 

1 

.4551 

1200 

4.50 

34.95 

27.  n 

39,0 

51.8 

’ 486.48 

1 

.5074 

1300 

4,  '9 

34.97 

2 7.74 

36 . 4 

49.9 

1480.69 

1 

.5583 

TRAMS 

.0 

.9 

3.B 
8.b 
14. P 

22.7 

31.7 

41.7 

S2.5 
63.9 
76. U 
88. P 

102.1 
11b. 0 

130.4 

145.4 
176.9 
210.3 
24b. b 
282.  b 
321.2 

361.7 
403. a 

447.6 

493.0 

539.8 

588.1 

637.7 

688. b 

740.5 

793.5 
M47.6 
Q02.7 

058.7 
1M73.3 

1221.5 

1374.8 
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<^TU  ST/\TIOrj  •'M.iMnf-K  37 
JULY  1971  1(1.7  / 

LArrTUDF.  ?i 

LONMTUDF  Hfa  4^ 

UEPT''  TO  HOTTOM  4L'?3 


z 

T 

s 

SIGT 

T1M09 

SVA 

SVF( 

i^YNhGT 

tkams 

(1 

28.17 

56.883 

23. "3 

484.8 

484.6 

lb43.17 

.OuOO 

.0 

?n 

28.  IP 

36.81' 

23.03 

484.9 

468.8 

1 b43.b2 

. Uc70 

l.n 

4(1 

28.(17 

36.88. 

23.06 

481.8 

483.2 

1 b43.61 

.1939 

3.9 

A'l 

27.1b 

36.08* 

23.61 

436.6 

441.1 

lb42.09 

.2064 

8.7 

P(1 

26.  9 

36.32 

?3.9() 

401.9 

40b. 3 

lb41 . 13 

.3710 

15.3 

ion 

2b. 10 

36.  b4 

24.49 

344.  n 

348.9 

lb36.41 

.4464 

23.4 

l?n 

23. bU 

36.73 

2b.  12 

?8b.4 

290.2 

1 b3b.02 

.5103 

33.0 

1 4M 

22.07 

36.77 

2b. 8A 

243.3 

248.8 

1b31.7b 

.584? 

43.7 

1 An 

20.  M 

36. 7 J 

2b. 9b 

208.8 

212.7 

1 b27.89 

.6104 

55.5 

IPn 

19.1,8 

36.61 

26.14 

187.9 

194. b 

lp?b.30 

.5511 

68.1 

? n n 

18.3b 

36.47 

26.7.3 

170.8 

177.6 

1b22.29 

.604.3 

81.5 

Z?n 

17.A8 

36. 3P 

26.4b 

lb8.9 

166.4 

ib?C.29 

. 7227 

95.6 

?4I1 

17. '<3 

36.28* 

26. bl 

lb?.P 

160.8 

lblP.89 

.7854 

1 10.4 

?An 

16.46 

36.19 

26. S7 

147.? 

lbb.7 

’bi7.39 

.7h71 

125.8 

?fln 

lb. 80 

36.07 

26.63 

141.4 

150.3 

lblb.b7 

.8177 

141.9 

■^()n 

lb. 04 

3b. 9S 

26.71 

133.9 

143.1 

lbl3.39 

.8h7U 

158.5 

34n 

14.02 

3b. 77 

26.80 

128.1 

13b. 9 

1510. b7 

.9028 

193.5 

3Pn 

12.90 

3b. b9 

26. P9 

117.3 

127.6 

1507.32 

.9553 

230.7 

4?n 

11.  >R 

3b. 4S 

26.98 

1 10.4 

121.1 

1504.69 

1 .0050 

?o9.9 

4Afl 

11.28 

3b.  3u 

27.0  1 

106.0 

117.1 

1502.77 

1.0525 

311.1 

5nn 

10.72 

3'*  .2  7 

27.06 

101 .6 

113.1 

1501.36 

1 . (J088 

354 . 1 

A4>) 

10.  lb 

3b.  IP 

27. *19 

98.8 

110. b 

’490.86 

1 .1437 

398.9 

‘'PO 

9.'-4 

3b. 09 

27.12 

9b.  4 

1 07. b 

1 498.18 

1.1873 

445.6 

6?n 

a.  ‘4 

3^'.  0(1 

27.16 

91.2 

103.3 

1498.13 

1 .2296 

493.9 

AA'i 

0.14 

34.94 

27.23 

8b. 3 

97.3 

1.494.07 

1 .2696 

543.9 

7nn 

7.70 

34.9(1 

27.26 

82 . 0 

94.1 

1492.99 

1 .308(1 

595.4 

74(1 

7.12 

34.88 

27.  '0 

77. n 

69.7 

1491.34 

1 .3449 

648.5 

7Pn 

6.63 

34.84 

27.  16 

72.1 

83.9 

1490.06 

1 .3796 

703.0 

ppii 

0.19 

34.88 

27.43 

68.9 

77. b 

1488.90 

1.4119 

758 . 8 

8An 

b.Hl 

34.87 

27. bO 

b9.7 

71.3 

1488.1b 

1 .4417 

P15.9 

o'ln 

b . bb 

34. 8P 

27. ‘'4 

bb.9 

67. b 

1 487.76 

1 .4594 

874.1 

ny  n 

b . 36 

34.89 

27.87 

b,3.n 

64.7 

1 487.66 

1 .4057 

933.4 

omi 

b.04 

34.9? 

27.63 

47.1, 

b8.7 

1487.0b 

1 .5205 

993.8 

lOZn 

4.  =>ti 

34. 9. ^ 

27.66 

44.6 

b6.4 

1487.07 

1 .5436 

1055.1 

linn 

4.61 

34.98 

27.70 

40.2 

52.2 

1487.29 

1 .5068 

1180.3 

l?nn 

4.4  7 

34.96 

2 7.73 

38.0 

bO.7 

1488.36 
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36.08 

26.6b 

140.1 

140. b 

»61b.41 

.4m28 

156.7 

34  0 

14.72 

36.40 

’6.  74 

130.0 

141.1 

•612.47 

.91,08 

191  .b 

3R(» 

13.60 

3b. 71 

26.  “4 

122. 1 

132.4 

1609,78 

,9.,m 

220.7 

420 

12.6b 

36.  b6 

26.4  1 

llb.b 

126.  f 

lb07,08 

1 .OyTb 

260 . 0 

4^0 

11,  "b 

3*=  .44 

26. 4h 

110.6 

122.3 

lbOb.2l 

1 .»'S73 

309.3 

bnn 

11.20 

3'-.  33 

27.01 

10b.  3 

117.4 

1603.13 

• .1061 

352.6 

bu'i 

10.12 

36.17 

27,08 

48,8 

110.7 

1449, 74 

• . 1568 

397.7 

SBO 

9.48 

36.04 

27.1  3 

94  , '1 

106. b 

• 497 . 96 

’ , 1 r,u  3 

444.6 

h2o 

9.00 

3*^  .01 

27.1b 

92.4 

106.2 

149b, 74 

• .2368 

493,2 

6h0 

8.  37 

34.96 

27,20 

87,0 

100.2 

• U94 ,9b 

• .2777 

643.  b 

700 

7.61 

34.88 

27.27 

80.4 

92.  r 

140p ,24 

• .3l6b 

696.4 

740 

7.’b 

34.87 

27.  ^0 

/8.1 

90,2 

1 “ 9 1 , 8 7 

1 . 3620 

648.8 

7PI1 

o.  'b 

34.86 

27, 

74.2 

86,4 

1440,93 

1 .3r8b 

703.6 

H?0 

6.2b 

34.86 

27.42 

66 , 6 

78.4 

1 480.22 

1.4^13 

7b9,8 

HRO 

b.ob 

34.86 

27,48 

61 ,0 

72.6 

1488.24 

1 .41,16 

»17.3 

QOO 

b,4fl 

34.84 

27. bb 

b4  ,«t 

6b. 9 

1487. bO 

1.4741 

876.0 

0411 

b.^b 

34. «1 

27,60 

bo.2 

6l  .8 

• 487,24 

’ ,bi,46 

43b. 6 

9R0 

4,8b 

34.93 

27.66 

44 , 3 

bb.b 

1486.24 

• .6274 

'•96.2 

1020 

4,  t4 

34  ,43 

27,6b 

44  , 

bb.P 

1486.90 

1 .6847 

lUb7.8 

lino 

4,6b 

34.44 

27.69 

41,4 

b3.b 

1447,44 

1 .bu3? 

1 183.b 

1200 

4,49 

34.96 

27.72 

38.4 

bl.  / 

1486.43 

1 .6452 

1 34b. 4 

1300 

4.30 

34,96 

27.  74 

37.0 

bO.b 

1489,63 

1 .6060 

lM2.b 

1400 

4.33 

34,97 

27.7b 

3b.  0 

bO.l 

1491,08 

’ , '46b 

1604.6 

Iboo 

4. ''7 

34.97 

27.76 

3b.  1 

bO.3 

1492,48 

1.  '967 

18bl  .0 

1600 

4.20 

34.98 

27.77 

33.7 

44, b 

1493,85 

• .8466 

2044.  C 

1700 

4.17 

34.94 

27,78 

32.6 

49.3 

1495,39 

1 .8064 

2231.1 

l«00 

4,  J6 

34. 44 

27.78 

32.  b 

bO.l 

1 407,00 

• ,946b 

2423.2 
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7 

T 

S 

SIOT 

TAN0*7 

SVA 

SVEI 

'TYNhOT 

TRANS 

0 

28.10 

.16.03 

23. 13 

47b.? 

47b. 2 

1643.34 

.*>000 

.0 

28.12 

36.03 

?3.lb 

4 73.0 

473.4 

1S43.b2 

.0444 

.9 

40 

27. '’6 

36,  OH 

23.27 

461  ,.3 

463.0 

1643.32 

.1686 

3.8 

27. 

36.1? 

23.62 

437.6 

440,2 

1b4?.20 

.2789 

8.5 

on 

2b.  '6 

36.36 

24.1b 

377.? 

380.  b 

1639.40 

.3610 

14.9 

lOf 

2^.«U 

36.63 

24.0? 

303. Q 

307.9 

1636.60 

.4298 

22.8 

r^ti 

21 .'  b 

36.7? 

?b,b8 

241  .-A 

24b. o 

1630.84 

.406? 

31.9 

1 un 

14.  M 

3 . b4 

26,07 

14S,  1 

200.2 

1626.24 

.6248 

42*1 

1 h't 

18.  ■'1 

36.46 

26 . 3b 

167.0 

173. b 

1621,24 

.6b7? 

63.0 

1 «n 

1 7.  16 

36.36 

?6.4M 

lbH.3 

164.4 

1610, ?M 

.6010 

64.7 

?0'» 

lo.  ^0 

36.2  A 

?6.bb 

144.7 

lb6.3 

1617.20 

.6331 

77.1 

??n 

16. 11 

36,13 

26.61 

143.8 

lbP.4 

1616.62 

.6038 

90.0 

?4fl 

lb.4U 

Af,  . (»6 

26.6  7 

1 37.0 

I4b.4 

1614.30 

.6434 

103.6 

lb. '’4 

I*-  .46 

26.71 

133.4 

141.4 

1612,76 

. f2?\ 

117.8 

«'«n 

14.  *1 

36.  Ml 

26.  74 

127, n 

13b. 2 

1610,27 

. 7448 

132.6 

1 J.b7 

36. 71 

?6,H4 

121  .6 

130.0 

1608.34 

. 7764 

147.7 

,T4»I 

12.  'b 

36.  b7 

?6.'HI 

1 16.0 

12b.  1 

16*16. 16 

.8273 

179.8 

Ann 

11.18 

36.  V* 

27.C? 

106.0 

114.1 

1601.13 

.8761 

213.9 

4 7fl 

10,  'U 

36.16 

?7. 10 

47,6 

106.8 

1447.37 

.4144 

249.8 

UfiM 

4.11 

36,06 

? 7.  1 7 

40.0 

10*1.2 

1444.63 

.4c,08 

287.4 

Kno 

8.611 

36.0*' 

?7.20 

87.6 

47.2 

1443.30 

' ."002 

326.6 
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JULY  1971  P/>i.5  / 

LATlIUnE  PfU  PH 

LONrlTUOF  fib 

OEPTM  TO  bottom  9fi8 


7 

T 

S 

SI6T 

TAMO** 

SVA 

5VEI 

''YNhRT 

TRANS 

n 

28,^3 

35.91 

22.09 

488,2 

408.2 

1 543.54 

.0000 

.0 

20 

28,00 

35.06 

23.21 

467.1 

467,9 

1543.28 

,0056 

1.0 

40 

27.33 

36.00 

23.45 

444,1 

445,8 

1542.16 

.1070 

3.8 

fin 

2b.  58 

36.18 

23.76 

414.7 

417.2 

1540.88 

.2733 

8.4 

fin 

25.74 

3.'..  37 

24.17 

375.0 

379.2 

1539.45 

.3529 

14.6 

1 on 

24,48 

36.  b2 

24.75 

320.5 

324.6 

1536.95 

.8233 

22.4 

l?n 

23.10 

36,68 

25.20 

277.0 

262.7 

1533.98 

.4840 

31.5 

140 

21,ftl 

36.77 

25,69 

231,0 

236.4 

1530.55 

.5360 

41.7 

Ifin 

20. 4J 

36.67 

25,04 

207.5 

213.5 

1527.64 

.5309 

52^9 

IfiO 

19.1b 

36.55 

26.18 

184.1 

190.6 

1524.32 

.6i;14 

64.  ■> 

?on 

10.^0 

36.46 

26,36 

167.7 

174.7 

1521,85 

.6579 

77.7 

220 

17.^1 

36.3” 

26.45 

158.0 

166,4 

1520.36 

.6020 

91.2 

pun 

17,20 

36.33 

26,50 

153. P 

161.9 

1519.44 

. ^24H 

105.3 

?fi(i 

lb, 03 

36,27 

26.55 

149.7 

158.3 

1518.59 

. ^Sbfi 

120.2 

?3o 

lb. 40 

36.21 

26.50 

146,2 

155,4 

1517.80 

. '0«2 

135.6 

30  y 

Ifa.OH 

36.14 

26.62 

142.4 

152.1 

1516.83 

.8189 

151.7 

340 

14,80 

35.9? 

26.72 

132, fl 

143.1 

1513.50 

,«779 

185.6 

3nn 

13.86 

35.74 

26.8  1 

125.1 

136,0 

1510.66 

.9337 

221.9 

420 

12. /7 

35.58 

26.91 

115.6 

126.9 

1507.52 

.9050 

260.3 

4^0 

12.31 

3‘-.51 

26.04 

112,1 

124.1 

1506.53 

1 .0362 

300.7 

500 

11.51 

35.38 

26.00 

1 08.0 

121 .3 

1504.61 

1 ,0«57 

343.1 

540 

10,07 

3^.26 

27.06 

101,3 

113.8 

1501.82 

1.1325 

387.5 

540 

10.14 

35.18 

27.09 

98.4 

111.2 

1500.47 

1 .1777 

433.7 

520 

9,0b 

35.04 

27.16 

91  ,4 

103.8 

1496.96 

1 .2207 

481.7 

5h0 

0.44 

3»'.97 

27.20 

87.4 

99.8 

1495,24 

1.2614 

531.3 

700 

7. 

34.9? 

27.25 

83.2 

95.6 

1 493.74 

1 .3oOU 

582.6 

740 

7.15 

34.86 

27.31 

77.5 

69.4 

1491.47 

1 .3376 

635.4 

7H0 

- 6.50 

34. 86 

27.40 

69,0 

00,6 

14P9.57 

1.3717 

689.6 

P20 

b.lM 

34,85 

27.44 

65.1 

76.8 

1489,00 

1 . 4 0 34 

745.1 
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1 

T 

b 

5IGT 

TAN09 

5VA 

5VEI 

n 

YNhGT 

TRANS 

0 

28.23 

35.85 

22. P9 

488.7 

488.  7 

1543.28 

.Ot)On 

.0 

20 

27. ‘-6 

35.95 

23.15 

473,0 

473.9 

1543.11 

.0963 

1.0 

40 

2 7.55 

35.13 

23,38 

451  .4 

453.1 

1542.93 

.1000 

3.8 

SO 

27.09 

35.09 

23.83 

435,7 

439.2 

1541.95 

.2782 

8.5 

RO 

25.89 

35. 1« 

23.95 

396.9 

400.2 

1539.59 

.3621 

14.9 

100 

2b. -^5 

35.44 

24.37 

355.4 

360.5 

1538.68 

.4382 

22.9 

120 

24.  73 

35.51 

24.56 

329,0 

333.9 

1537.91 

.5077 

32.4 

1 4(1 

23.^1 

36.65 

24.94 

302.0 

307,6 

1535.29 

.5718 

43.1 

IRO 

22.09 

36.  74 

25.53 

245,0 

252.2 

1532.10 

.5278 

55.1 

IRO 

20.73 

35.69 

25.87 

213.8 

220.6 

1528.79 

.6751 

68.2 

20n 

19.43 

36.60 

25.15 

187.4 

194.7 

1525,47 

. ^156 

82.1 

220 

18.99 

35 . 55 

26.23 

179,4 

187.4 

1524.52 

.7548 

96.8 

240 

lb. 55 

35.51 

26.30 

172.6 

181.1 

1523.57 

.7917 

112.3 

2ftO 

18.07 

36. 4S 

26,38 

155.3 

174.4 

1522.43 

.8272 

120.5 

280 

17.78 

35.41 

25.42 

151.4 

171.0 

1521.87 

,«617 

145.3 

300 

17.85 

35.34 

26.45 

158.4 

168.7 

1521.51 

.8957 

162.9 

34  0 

lb. 52 

35.21 

26.57 

147.1 

158.2 

1518,80 

.9613 

200.1 

3R0 

15.47 

36. OP 

26.63 

141.5 

153.5 

1517.42 

1 

.0233 

239.8 

420 

14.93 

35.94 

26.73 

132.4 

145,1 

1514,96 

1 

.0027 

281.9 

4f>0 

14.05 

35.78 

26.80 

126.0 

139.3 

1512.61 

1 

.13^9 

326.4 

500 

11.  70 

35.30 

26.97 

109.8 

122.2 

1 504.94 

1 

.1923 

373.0 

54  0 

10.71 

35.25 

27.05 

102.0 

114.5 

1501.96 

1 

.2391 

421.7 

580 

9.98 

35.15 

27.10 

97.2 

109.9 

1499.87 

1 

.2041 

472.1 

520 

9.12 

35.05 

27,16 

91.7 

104.2 

1497.23 

1 

.3250 

524.3 

550 

6.41 

34.98 

27.22 

86.2 

98.6 

1495.14 

1 

. 5573 

578.2 

700 

7.  78 

34.92 

27.26 

81.5 

93.9 

1493.32 

1 

.4050 

533.7 

740 

7.25 

34.88 

27.31 

77.3 

89.5 

1491,80 

1 

.4424 

590.7 

780 

5.75 

34.85 

27.36 

72.2 

84.2 

1490.56 

1 

.4774 

749.1 

F20 

6.35 

34.85 

27.41 

6/. 8 

79.8 

1489,62 

1 

.5102 

808.8 

RhO 

5.97 

34.85 

27.47 

52,4 

74.3 

1408,77 

1 

.5410 

869.9 

POO 

5.56 

34.88 

27.52 

57.2 

69.0 

1488.21 

1 

.5bP7 

932.1 

040 

5.28 

34.91 

27.59 

50,5 

62.2 

1487.36 

1 

.5Q60 

995.4 

PRO 

4.99 

34,92 

27.53 

45.5 

58.1 

1406,85 

1 

.6199 

1059.7 

1020 

4.83 

34.94 

27,57 

43.3 

55.0 

1485.87 

1 

.6425 

1125.0 

1100 

4.56 

34.95 

27.70 

40,7 

52.9 

1487.50 

1 

.5058 

1250.1 

1200 

4.50 

34,94 

27,71 

39,8 

52.6 

1488.46 

1 

.7383 

1429.3 

1300 

4.39 

34.97 

27,74 

36.4 

49.9 

1 489,58 

1 

.7890 

1505.7 

1400 

4.33 

34.97 

27.75 

35,8 

50.1 

1491,08 

1 

.83P5 

1707.1 

1500 

4.27 

34,97 

27,76 

35,1 

50.3 

1 492.40 

1 

.8097 

1973.6 

1500 

4.24 

34.97 

27.75 

34.8 

50.8 

1494.00 

1 

.«4P2 

2165.1 

1700 

4.22 

34.98 

27.77 

33.9 

50.7 

1495,58 

1 

.9908 

2361.6 

IROO 

4.20 

34.98 

27.77 

33.7 

51.4 

1497.15 

9 

.0419 

2563.3 

1900 

4.18 

34. 9P 

27.78 

32.7 

51.3 

1498.74 

2 

.0932 

2770.0 

2000 

4.12 

34.99 

27.79 

32,1 

51.4 

1500.15 

2 

.1445 

2P81.9 
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z 

T 

S 

bir-.T 

TANO’7 

SVA 

SVFI 

'IYNhGT 

T9AUS 

n 

28.^7 

36.07 

23.00 

487. b 

40  7.6 

’ 544.41 

.0000 

.0 

24 

28 , 66 

36.07 

23.00 

487.2 

488.1 

’544.71 

.0976 

1.0 

4f) 

28. 3S 

36.07 

23.10 

477.4 

479.1 

1544.37 

.1943 

3.9 

•SO 

27. -^3 

36.03 

23.34 

4b4.6 

467.1 

1 542.88 

.28  79 

8.7 

flO 

26.62 

36.01 

23.62 

428.1 

431.5 

1541.15 

. 3768 

15.4 

100 

2o.02 

36.06 

23.8b 

406.5 

410.6 

1 540.14 

.4610 

23.7 

120 

2S.  ^6 

36.12 

23.  u7 

394.5 

399 . 4 

163Q.92 

.6420 

33.8 

14fl 

2b.su 

36.33 

24.21 

3 71.7 

377.4 

1 639.82 

.6197 

45.4 

160 

24. '-0 

36.  bH 

24.71 

324.6 

331.1 

1637.98 

.6906 

58.6 

180 

23.2b 

36.  73 

2b.  19 

278.4 

285.6 

1 636.36 

. 7622 

72.9 

200 

22.13 

36.  77 

2b. 64 

244.9 

262.7 

1632.87 

.8060 

88.6 

220 

21.22 

36.  74 

2b. 78 

222.9 

231.3 

1630.79 

, 4C.44 

105.1 

240 

20.  '2 

36.70 

25.  U9 

20?. S 

211.5 

1628.66 

.8087 

122.8 

260 

ly.Sti 

36.62 

26.1  3 

189.7 

199.2 

16?b.87 

.9308 

141.0 

280 

16. '<6 

36.  b2 

26.29 

174.3 

184.3 

1‘^24.61 

.‘’781 

160.2 

300 

17. 'J9 

36.44 

26 . 39 

164.1 

174.6 

1H?2.H3 

1 

.144(1 

180.1 

340 

1 7.0b 

36.30 

26.62 

lb2.6 

163.9 

1S20.57 

1 

.0816 

222.0 

3 HO 

lb.  72 

36.0  7 

26.6b 

139.7 

Ibl  . 7 

1616.93 

1 

.1449 

266.6 

4 20 

14.32 

3S . 82 

26.7  7 

12P.6 

140.8 

1612.88 

1 

.2u33 

313.6 

460 

12. «7 

3'=. 60 

26.88 

117.9 

130.4 

1608.86 

1 

.2876 

362.3 

600 

11.94 

3S.4U 

26.9b 

110.4 

123.1 

1606.82 

1 

.3^^82 

414.1 

S40 

10.07 

35. 2^ 

27.04 

10?. 6 

116.2 

1602.66 

1 

. 3660 

467.4 

S80 

9.r>l 

35.14 

27.11 

96.0 

108.4 

1 u9c),22 

1 

.4009 

522.5 

620 

8.79 

3b. 01 

27.18 

8U.7 

101.8 

1495.95 

1 

.4429 

679.4 

660 

8.13 

34.V4U 

27.23 

85.1 

97.1 

1 094,03 

1 

.48,26 

637.9 

700 

7.39 

34.86 

27.27 

80 , 7 

92.4 

1491 .74 

1 

.6^03 

698.0 

7un 

6.‘n 

34.84 

27.33 

76.8 

87.4 

1490.60 

1 

.5562 

759.5 

780 

6 . S6 

34.86 

27. 3u 

69.  Q 

81 .5 

1489.81 

1 

.6900 

H22.5 

820 

6.  iJb 

34. 8s 

27.4b 

64.1 

76.6 

1434.42 

1 

.6216 

H86.7 

860 

b.80 

34.87 

2 7.60 

69.6 

71.2 

1488.10 

1 

.6-j09 

952.2 

opo 

b.u9 

34. 8« 

27.6b 

64.6 

66.0 

1487.63 

1 

.67P1 

1018.7 

040 

b.l6 

34.91 

27.60 

49,4 

bO.9 

1486.96 

1 

. 7|j36 

1 086.4 

t>80 

4.07 

34.92 

2 7.64 

46.3 

67.8 

1486.77 

1 

. 7?71 

1156.0 

1020 

4.T7 

34.94 

27.68 

42.7 

64.2 

1486.63 

1 

. 7495 

1224.6 
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36.61 

24.76 

319,5 

327.7 

1638.41 

.8493 

90.9 

220 

23.71 

36.69 

25.03 

294,2 

303.0 

1537.12 

.9124 

108.5 

240 

22.66 

36.76 

26.39 

260,0 

269.6 

1634.87 

.'»696 

127.3 

260 

21.25 

36.  72 

25.  76 

226.1 

236.1 

1631.60 

y ,Oi?oi 

147.2 

280 

19.  yp 

36.66 

26.04 

197.8 

208.1 

1528.35 

' .0644 

168.0 

300 

19.31 

36.60 

26.18 

l«4,4 

196.3 

1526.74 

1 .1048 

189.7 

340 

17.92 

36.42 

26.40 

163." 

176,7 

1523.25 

’ .1786 

235.4 

380 

17.06 

3^‘.32 

26. S3 

161  .3 

164.0 

1521,26 

1 .2462 

283.9 

420 

15.80 

3^.08 

26.64 

140.7 

154.0 

1M7.83 

' .3o«« 

335.1 

460 

14.46 

36.83 

26.76 

130.6 

144,2 

1513.98 

1 .3696 

388.7 

600 

12.  -.7 

35.67 

26.88 

118.2 

131.7 

1509.12 

1 .4043 

444.5 

640 

12.03 

3s. 46 

26. ‘^6 

111.3 

125.  1 

1506.78 

3 .4767 

502.6 

580 

11.14 

3'^.30 

2 7.00 

106,5 

120.3 

1504 . 16 

y . 6?47 

662.6 

620 

10.00 

38.1s 

27.09 

98.^ 

111  .8 

1500.57 

1 .6709 

S24.6 

660 

9.46 

3=^.0« 

27.12 

94.8 

108.5 

1490,16 

1 .6161 

688.2 

700 

9.07 

38.04 

27.16 

91.7 

105.7 

1498.32 

’ .6670 

763.7 

74  0 

8.26 

34.94 

27.21 

87.0 

IL1O.6 

1495.81 

1 .6994 

820.8 

780 

7.  77 

34.90 

27.26 

83.0 

96.6 

149^,55 

1 . ^oy 

«89.6 

820 

7.10 

34.87 

2 7.32 

76.  1 

89.2 

1492.58 

1. /76I 

069.9 

860 

6.56 

34.86 

27.38 

70,5 

63.4 

1 491.09 

’ .8107 

1031.6 

900 

5.09 

34.86 

27.4b 

62,7 

76.1 

1489.50 

1 .8423 

1104.7 

940 

5.64 

34.88 

27.62 

67,0 

6«.3 

1488.77 

1 ,8711 

1179.0 

980 

5.37 

34.90 

27.67 

62.3 

64.6 

1 488.36 

1 ,8080 

1264.4 

I02ft 

5.08 

34.92 

27.62 

47.6 

69.7 

1 487.86 

1 .9?3U 

1330.8 

1100 

4.76 

34.94 

27.66 

42,4 

54.8 

1487,85 

1 .9687 

1486.5 

1200 

4.64 

34.98 

27.  72 

38,7 

51.6 

1488.65 

2,0218 

1586.0 

1300 

4.41 

34.96 

27.73 

37.3 

50.9 

1480.76 

'>.0770 

1890. 8 

1400 

4.  ^2 

34  .97 

27.76 

36.7 

50.0 

1491.03 

'>.1234 

2100.6 

1500 

4.87 

34.97 

27.76 

35.1 

50,3 

1492.47 

2.1736 

2315.6 

1600 

4.24 

34.98 

27.77 

34,1 

50.1 

1494,01 

2.2239 

2635.3 

1700 

4.20 

34 . 98 

27.77 

33.7 

50.5 

1495,49 

2,2741 

2760.2 

1800 

4.16 

35.00 

27,79 

32,0 

49.7 

1497,09 

2,32«6 

2990.2 

1900 

4.16 

34.99 

27,78 

32.5 

51.0 

1498.66 

'’.3753 

3225.2 

2000 

4.16 

34. 9P 

27.78 

32.4 

51.8 

1600.27 

2.4267 

3465.3 
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«;TD  'STATION  MUWrfr  bO 
JULY  31,  1M71  14,2  ^ 

LAlTTUDE  19  ?'> 

I.ONRlTlIOf^  P4 

f'EPTH  TO  POTTO^’  4415 


7. 

T 

S 

SI<^T 

TANOM 

SVA 

SVEI 

-'YMhRT 

TRANS 

0 

28.79 

36.09 

22.97 

489,6 

469,9 

1544.60 

.0000 

.0 

2') 

28.79 

36.00 

22.07 

489,9 

490. P 

1645.01 

.0901 

1 

.0 

40 

28.  76 

36.08 

22.98 

489.7 

491.4 

1545.26 

.1963 

3 

.9 

bo 

27,85 

35. 9P 

23.20 

46P.1 

470.7 

1543,53 

.H925 

8 

.8 

«o 

2b.‘^3 

35.98 

23.50 

439.7 

443.1 

1541.82 

.3639 

15 

.6 

100 

26.37 

36,03 

23.71 

419,2 

423.3 

1540,92 

.4705 

24 

.1 

120 

25,94 

36.07 

23.88 

403.4 

400.3 

1540,29 

.5537 

34 

.4 

140 

25.57 

36. 1« 

24.09 

383,8 

389.5 

1539.06 

.6335 

46 

.2 

160 

25.17 

36,38 

24.35 

358,4 

364.9 

1539,41 

.7009 

59 

.7 

IPO 

24.11 

3P.67 

24,89 

306.0 

314.2 

1537.44 

.7760 

74 

.5 

200 

22.31 

36.75 

25.48 

251,2 

259.0 

1533.32 

.0342 

90 

.6 

220 

21.24 

36.74 

25.77 

223.4 

231.0 

1530,84 

.8032 

107 

.0 

240 

20,29 

36.70 

26.00 

201,7 

210.7 

1520.58 

.^275 

125 

.9 

26t) 

19.49 

36.6? 

26.15 

187.4 

196.9 

1526,62 

.9603 

144 

.9 

280 

18.62 

36.51 

26.29 

174.1 

184,0 

1524.39 

1.0063 

164 

.6 

300 

18.14 

36.47 

26,38 

165,5 

176.0 

1523.29 

1.0423 

185 

.1 

340 

17.41 

36.37 

26.48 

155,7 

167.2 

1521.70 

1.1109 

228 

.2 

380 

16.37 

36.19 

26.59 

145,2 

157.5 

1519.05 

1.1755 

273 

.9 

420 

15.44 

36.00 

26,66 

138. P 

151.8 

1516,63 

1 .^378 

322 

.2 

460 

14.05 

35.77 

26.  79 

126.7 

140.0 

1512,60 

l.ii959 

372 

.9 

600 

13,  SI 

36.66 

26. P5 

121.3 

135.1 

1510.09 

1.3510 

425 

.0 

54  0 

12.19 

3<".46 

26.03 

113.5 

127.4 

1507.34 

1.4Q30 

480 

.9 

5P0 

10.  PI 

35.26 

27.02 

104.5 

118,0 

1502.94 

1 .8527 

538 

.0 

620 

10.02 

35.16 

27.09 

97.9 

111.4 

1500.65 

1 .8906 

597 

.1 

660 

9.16 

35.06 

27.15 

92,4 

105.7 

1498.02 

1 .5420 

657 

.9 

700 

8.S6 

34.97 

27,10 

89,2 

102.5 

1496.34 

1 .6634 

720 

.4 

74  0 

7.71 

34.90 

27,26 

82.1 

95.0 

1893.67 

1 .6229 

784 

.5 

7P0 

7.30 

34.87 

27,29 

70.7 

91.6 

1492.70 

1 .6600 

050 

.2 

820 

6,77 

34. R6 

27.35 

73.2 

85.8 

1491,27 

1 .6953 

917 

.3 

860 

6 ,46 

34.84 

27,39 

70.0 

62.6 

1490.68 

1.7200 

985 

.8 

900 

6,01 

34.86 

27.45 

63,7 

76.1 

1489.56 

1 . 7606 

1055 

.6 

940 

5,63 

34,88 

27.53 

56.0 

69.1 

1408,73 

1.7695 

1126 

.6 

OPO 

5,36 

34.80 

27.56 

53.2 

65.5 

1408.39 

1 .0165 

1198 

.7 

1020 

5,16 

34.91 

27.61 

49.? 

61.5 

1400,10 

1 .8419 

1271 

.9 

1100 

4,80 

34.93 

27.66 

43.7 

56.2 

1406,04 

1.0000 

1421 

.2 

1200 

4.56 

34 . 95 

27.71 

30.7 

52.6 

1408,72 

1 .9429 

1612 

.8 

1300 

4,43 

34.96 

27.73 

37.5 

51.2 

1409,03 

1 ,99U7 

1809 

.7 

1400 

4, 34 

34.97 

27.76 

35.9 

50.2 

1491.12 

2.0454 

2011 

.7 

1500 

4.29 

34,98 

27.  76 

34.6 

49,8 

1492.57 

?.0955 

2218 

.7 

1600 

4,25 

34.98 

27.  77 

34.2 

50.2 

1494.05 

2.1450 

2430 

• B 

1700 

4.i>2 

34.98 

27.77 

33.9 

50,7 

1895.58 

2.1963 

2647 

.9 

IPOO 

4,20 

34,98 

27,77 

33,7 

51.4 

1897.15 

P.2473 

2070 

.1 

1900 

4.17 

39.90 

27.78 

32,6 

51.2 

1490.69 

2.2905 

3097 

.4 

2000 

4.16 

35.00 

27.  79 

31. P 

51.2 

1500.33 

2.3490 

3329 

.0 
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STD  station  ''•UMHFM  SI 
JULY  31,  ?1.7  ' 

i.ATTTUDF  IH 

I.ONRITUOF  P4  3^ 

OLPTM  TO  ROTTOM  ?743 


7 

T 

S 

SIGT 

TANOM 

SVA 

SVEl 

oYNhGT 

TRANS 

n 

28.49 

36.09 

22.04 

493.1 

493.1 

1544.89 

,0000 

.0 

20 

28. ‘^0 

36. 0'^ 

22.04 

493,4 

994.3 

1545.24 

,0op7 

1.0 

40 

28.90 

36.04 

22.93 

494,2 

495.9 

1545,56 

.1978 

4.0 

60 

27.72 

35.95 

23.22 

466.2 

468.8 

1543,22 

.204? 

8.9 

40 

26.77 

35.97 

23.54 

435,6 

438.9 

1541,45 

. 5p50 

15.7 

J 00 

26.26 

36.01 

23.73 

417,3 

421.4 

1540.65 

.9710 

24.2 

1?0 

25.^2 

36.10 

23.01 

400,7 

405.6 

! 540.27 

.5537 

34.5 

140 

25.60 

36.23 

24.11 

381. P 

387.6 

1539.97 

.6330 

46.3 

160 

25.12 

36. 4u 

24.41 

352.6 

359.2 

1539.34 

.7077 

59.7 

IPO 

24.03 

36.60 

24,93 

303.2 

310.5 

1537,26 

. ^747 

74.6 

200 

22.41 

36.75 

25.33 

264.8 

272.8 

1534.60 

.8330 

90.6 

220 

21.74 

35.75 

25.64 

235.9 

244.4 

1532.17 

.8697 

107.8 

240 

20.56 

36.71 

25, ^"3 

207,9 

217.0 

1520.32 

.•^soo 

126.0 

260 

19.56 

36.61 

26,12 

160.9 

199.4 

1626.81 

.0725 

145.0 

240 

18.43 

36. 5U 

26,26 

177.0 

167.0 

1525.01 

1 .Oil  1 

164.9 

300 

18.06 

36.43 

26.37 

166.5 

176.9 

1523.02 

1."475 

185.4 

340 

16.59 

36.23 

26.55 

190.5 

160.6 

1510,41 

1 .1146 

226.7 

340 

15.26 

35.90 

26.69 

135.7 

147.4 

1515.91 

’ .1762 

274.5 

420 

13.74 

35.72 

26. "2 

124.2 

136.1 

1510.89 

1 .2320 

322.7 

460 

12.49 

35.5? 

26,02 

119,7 

126.8 

1507.14 

1.2255 

373.1 

500 

11.06 

35.20 

27.01 

105. P 

117.7 

1502.58 

’ .3343 

425.5 

540 

10.23 

35.10 

27.08 

90,1 

111.2 

1500.16 

\ .3708 

479.8 

540 

9.54 

35.09 

27.12 

95.4 

1U7.5 

1498.18 

1.4236 

535. Q 

620 

9.03 

35.03 

27.16 

91.8 

104.2 

1996.87 

1 .4660 

593.7 

660 

d.49 

39.97 

27,20 

88.2 

100.6 

1995.43 

J .5070 

653.1 

700 

7.41 

39.90 

27.24 

83.6 

95.8 

1993.41 

’ .5463 

714.2 

74  0 

7.65 

39.40 

27.26 

82.1 

94.8 

1493,43 

1 .5843 

776.8 

7P0 

7.07 

34.85 

2 7,31 

77.1 

80.6 

1991.79 

1 .5211 

640.9 

R20 

6.74 

39.44 

27.35 

73.6 

86.1 

1491.14 

1 .6860 

906.5 

460 

6.^7 

39.85 

27.91 

6P.1 

GO. 6 

1490.34 

1 .6o°3 

973.4 

QOO 

5.07 

34.85 

27.47 

62.0 

74.1 

1489,00 

1 .7204 

1041.6 

940 

5.54 

39. 8« 

27,59 

55.8 

67.0 

1488.37 

1 . 7485 

1111.0 

940 

5.26 

34.90 

27.59 

51,1 

63.1 

’487.92 

’ . /74  7 

1 181.4 

1020 

5.07 

34.91 

27.62 

48,2 

60.3 

1987.81 

’ .7qQ4 

1252.9 

lion 

4.  73 

34.90 

27.68 

42,2 

54.5 

1487.77 

’ .8447 

1398.7 

1200 

4,53 

34.95 

27,71 

30.3 

52.2 

’986.59 

1 . 8976 

1585.8 

1300 

4.il 

34.96 

27.73 

37.3 

50.9 

1489.75 

1 .0468 

1778.2 

1400 

4,34 

34.97 

27.75 

35.9 

50.2 

1491.12 

1 .9996 

1975.6 

1500 

4,28 

34.97 

27.75 

35.2 

50.4 

1902.51 

9,0409 

2176.1 

1600 

4,25 

34. 9H 

27.77 

34.2 

50.2 

1494,05 

2.1003 

2385.6 

1700 

4,21 

34.94 

27,77 

33.“ 

50.6 

1495.54 

2.1506 

2598.1 

1400 

4,18 

34.94 

27.77 

33.5 

51.1 

1497.07 

2.2olb 

2815.7 

loOo 

9.17 

35.00 

27.79 

31.0 

50.4 

1996.71 

2.2522 

3038.4 

200r| 

4,  1 5 

34.90 

27.78 

32,4 

51.8 

1500,27 

2.3035 

3266.2 

280 


«;TD  station  MUMBER  b? 
AUGUST  01.  1971  01.9  7 

latitude  18  4b 

longitude  R4  lb 

DEPTH  TO  BOTTOM  2b75  « 


7 

T 

S 

SIGT 

TANOM 

SVA 

SVEL 

f'YNMGT 

TRANS 

f) 

28.88 

36.05 

22.91 

495.7 

495.7 

1544. B4 

.uoou 

.0 

20 

28.89 

36.06 

22.92 

495.3 

496.1 

1545,19 

.0992 

1 

.0 

40 

28.61 

36.02 

22.98 

489. 2 

490.9 

1544.89 

.1979 

4 

.0 

60 

27. -i7 

35.98 

23.33 

456.3 

458.9 

1542.70 

.2929 

6 

.9 

80 

26.67 

35. 9« 

23.59 

431,1 

434.4 

1541,24 

.3822 

15 

.6 

100 

26.17 

36,09 

23,82 

408,8 

413.0 

1540.51 

.4669 

24 

.1 

1?0 

25.78 

36.18 

24,01 

390.7 

395.7 

1540.02 

.5478 

34 

.3 

140 

25.32 

36 . 36 

24,29 

364.2 

370.0 

1539.42 

.6244 

46 

.0 

1 60 

24 . 32 

36.60 

24,78 

318.0 

324,5 

1537.56 

.6038 

59 

.2 

180 

22.80 

36.77 

25,35 

263.1 

270.3 

1534.26 

. '533 

73 

.6 

200 

21. 8U 

36.76 

25.63 

236.8 

244.5 

1532.01 

,8048 

89 

.2 

220 

20.73 

36.72 

25.89 

211,6 

219.9 

1529.46 

.8512 

105 

.6 

240 

19.  76 

36.6? 

26.08 

194.1 

203.0 

1527.05 

.8935 

123 

.2 

260 

18.65 

36.51 

26,28 

174.8 

184.0 

1524,15 

.9322 

141 

.5 

280 

17,76 

36.39 

26,41 

162.4 

172.0 

1521.79 

.9678 

160 

.5 

300 

17.08 

36.27 

26.49 

155,4 

165.4 

1519,98 

1 .0015 

180 

.2 

34  0 

15.83 

36.07 

26,63 

142.1 

152.9 

1516,63 

1.0650 

221 

.5 

380 

14.71 

35.89 

26.  74 

131.4 

142.8 

1513.56 

1.1241 

265 

.3 

420 

13.64 

35.69 

26.83 

122.4 

134.2 

1510.20 

1.1795 

311 

460 

12.  A9 

35.50 

26.92 

114.3 

126.3 

1506.78 

1.2314 

359 

. u 

500 

1 1 . '1  5 

35.35 

26.98 

108.2 

120.5 

1504.02 

1 .2806 

409 

.9 

540 

10.51 

3':. 22 

27.05 

101  .6 

113.9 

1501.20 

1.3274 

462 

.0 

580 

9.83 

35.12 

27.09 

97.8 

110.2 

1499.27 

1.3722 

516 

.0 

620 

9.31 

35.06 

27,13 

94.0 

106.7 

1497.94 

1.4155 

571 

.8 

660 

8.76 

35.01 

27.18 

89.2 

102.1 

1496.49 

1.4573 

629 

.2 

700 

8.31 

34.96 

27.22 

86.3 

99.2 

1495,38 

1.4975 

688 

.3 

740 

7.83 

34.90 

27,24 

83.8 

96,8 

1494.13 

1.S367 

749 

.0 

780 

7.20 

34.86 

27.30 

78.1 

90.8 

1492.31 

1 .5741 

811 

.2 

820 

6.65 

34.83 

27,57 

71,0 

84.1 

1490.38 

1,6092 

874 

.9 

8^0 

6.05 

34.8b 

27. U5 

64,1 

76.1 

1489.07 

1 .6412 

939 

.9 

900 

5.71 

34,88 

27.5? 

57.8 

69.7 

1888,41 

1 .6704 

1006 

.2 

940 

5.45 

34.89 

27,56 

5u,o 

66.0 

1488.02 

l,6q77 

1073 

.5 

PRO 

5.16 

34,91 

27,61 

49.? 

61.1 

1 487,53 

1.7231 

1142 

.0 

1020 

4,94 

34.93 

27.65 

45.3 

57.1 

1487.31 

1.7467 

1211 

.4 

1100 

4.69 

34,94 

27.68 

41,8 

54.0 

1487,60 

1 .7911 

1352 

.9 

1200 

4.53 

34.96 

27.72 

38.6 

51.5 

1488.61 

1.8437 

1534 

.6 

1300 

4.39 

34.96 

27,73 

37.1 

50.7 

1489.67 

1.8949 

1721 

. 6 

1400 

4,53 

34.97 

27.75 

35.8 

50.1 

1491,08 

1.9451 

1913 

.6 

1500 

4.27 

34.97 

27.76 

35,1 

50.3 

1892,47 

1.9951 

2110 

.6 

1600 

4,22 

34. 9H 

27. 77 

33,9 

49.8 

1493,93 

?,U450 

2312 

» 6 

1700 

4,20 

34.98 

27.77 

33.7 

50.5 

1495,50 

9,0951 

2519 

.6 

1800 

4,18 

34.99 

27.78 

32,7 

50.4 

1497.08 

2.1457 

2731 

.7 

1900 

4.15 

34.99 

27,78 

32,4 

50.9 

1498.61 

2.1962 

2948 

.7 

2000 

4,13 

34.99 

27,79 

3?. 2 

51.5 

1500,19 

2.2475 

3170 

.9 
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f:Tu  SfATIorj  numbfk  's^ 
AUGUST  Ul  » 1971  06.5  '' 

LATiTUOt:  IP  77 

I ONr;ITUDP  84  1" 

OEHTH  TO  BOTTOM  1015 


7 

T 

S 

SIGI 

TAMOV 

SVA 

SVEt 

'-'YNhGT 

THAMS 

0 

28.  n 

36. OH 

22.97 

490.0 

490.0 

1544.63 

,OuOU 

.0 

2(1 

28.83 

36.08 

22.95 

491  .9 

492.8 

1545.08 

. 0g«3 

1.0 

40 

28.66 

36.06 

22.99 

487.9 

489.6 

1545.03 

,1965 

3.9 

6(' 

27.78 

36.01 

23.25 

463.8 

466.3 

1543.41 

.2921 

8.8 

80 

26.57 

36.01 

23.64 

426.6 

430.0 

1541.03 

.3817 

15.6 

inn 

26.06 

36.06 

23.83 

407.7 

411.8 

1540.23 

.M659 

24.0 

120 

25. S4 

36.24 

24.13 

379.3 

384.3 

1539.51 

.5455 

34.1 

140 

24.78 

36. 4H 

24.55 

339,8 

345.6 

1538.25 

.6185 

45.8 

160 

23.42 

3'-.69 

25.11 

286.0 

292.5 

1535.43 

.6823 

58.8 

100 

21.60 

36.75 

25.68 

232.2 

239.1 

1531.15 

. 7355 

73.0 

200 

20.27 

36.67 

25.98 

203.4 

210.9 

1627.85 

. 7805 

88.1 

220 

19,46 

36.61 

26.15 

187.4 

195.4 

’525.89 

.8211 

104.1 

240 

18. H6 

36.59 

26.29 

174.1 

182.7 

1524.50 

, 8589 

120.9 

260 

18.16 

36.50 

26.40 

163.8 

172.9 

1522.73 

.8945 

138.5 

280 

17.68 

36.41 

26.45 

159.0 

168.7 

1521.57 

.9286 

156.7 

300 

17.^3 

36.3^ 

26.50 

154.6 

164.7 

1520.81 

.9b?U 

175.6 

340 

16.99 

36.35 

26.57 

147,5 

158.9 

1520,44 

1 .0267 

215.4 

380 

15.66 

36. OM 

26.67 

137.7 

149.6 

1516.75 

1 .0885 

257.7 

420 

14.26 

35.83 

26.79 

126,6 

138.9 

1512.70 

1 . I46I 

302.4 

460 

12. MO 

35.60 

26.92 

1 14,7 

127.1 

? 508,28 

1 .1992 

349.3 

50'i 

11.  MO 

35.42 

26.97 

109.4 

121.9 

1605,32 

1 .2488 

398.3 

540 

11.  U2 

3M.31 

27.  (J3 

103.7 

116.5 

1503. 11 

1 .2q64 

449.2 

580 

10.07 

35.17 

27.09 

98.0 

110.7 

15UC.20 

1 .3421 

502.0 

620 

9.53 

3=^ . 11 

27.14 

93.7 

106.7 

1498.81 

’ .3q64 

556.5 

660 

8 . 96 

35.03 

27.1  7 

90.0 

103.9 

1497.26 

1 .4275 

612.8 

700 

6.02 

34.93 

27.24 

84.3 

96.9 

1494.25 

’ .4b75 

67C.7 

740 

7.40 

34. 8« 

27.29 

79,  q 

91.7 

1492,46 

1 .5051 

730 .2 

780 

6,79 

34. H5 

27.35 

73.5 

65.5 

1490,70 

1 .5405 

791.1 

r 


5TD  station  MUMBFiK  b4 
AUGl'ST  01  r 1971  ltt.2  ' 

LATITUDE  18  ?1 

LONrlTUDE  82  04 

DEPTH  TO  BOTTOM  4206 


z 

T 

S 

SIRT 

n 

27 

.51 

36 

.07 

23 

.35 

2ft 

27 

.42 

36 

.09 

23 

.42 

4') 

27 

.04 

36 

.11 

23 

.56 

60 

2b 

.62 

36 

.23 

23 

. 79 

80 

26 

.11 

36 

.36 

24 

.85 

lOO 

2b 

.36 

36 

.52 

24 

.39 

120 

24 

.27 

36 

.70 

24 

.87 

140 

23 

.19 

36 

. /« 

25 

.25 

160 

22 

.45 

36 

.80 

25 

.48 

180 

21 

.55 

36 

.76 

25 

.70 

200 

20 

.53 

36 

.68 

25 

.92 

220 

19 

.81 

36 

.62 

26 

.07 

24f) 

18 

.54 

36 

.51 

26 

.23 

260 

18 

.04 

36 

.42 

26 

.37 

280 

17 

.42 

36 

.35 

26 

.47 

300 

16 

.60 

36 

.22 

26 

.56 

340 

15 

.67 

36 

.06 

2b 

,6b 

380 

14 

.06 

35 

.94 

26 

.72 

420 

14 

.21 

35 

.80 

26 

.78 

460 

13 

.89 

36 

.75 

26 

.81 

500 

13 

.28 

36 

.65 

26 

,86 

540 

11 

.37 

36 

.33 

26 

.98 

580 

8 

.93 

34 

.99 

27 

.14 

620 

7 

.57 

34 

.90 

27 

.23 

660 

7 

.12 

34 

.84 

27 

.30 

700 

6 

. O 

34 

.84 

27 

.34 

740 

6 

.59 

34 

.85 

27 

.38 

780 

6 

.29 

34 

.84 

27 

.41 

820 

5 

.'’2 

34 

.86 

27 

.47 

860 

5 

.71 

34 

.87 

27 

.51 

POO 

5 

.48 

34 

.8P 

27 

.55 

940 

5 

.14 

34 

.91 

27 

.61 

980 

4 

.-’3 

34 

.93 

27 

.65 

1020 

4 

.79 

34 

.94 

27 

.57 

1100 

4 

.58 

34 

.96 

27 

.71 

1200 

4 

.45 

34 

.96 

27 

.73 

1300 

4 

.37 

34 

.97 

27 

.74 

1400 

4 

.31 

34 

.97 

27 

.75 

1500 

4 

.27 

34 

.98 

27 

.76 

1600 

4 

.44 

34 

.98 

27 

.77 

1700 

4 

.22 

34 

.99 

27 

.78 

1800 

4 

.20 

34 

,9» 

27 

.78 

1900 

4 

.17 

34 

.9« 

27 

.78 

2000 

4 

.15 

35 

.01 

27 

.80 

TANO'^ 

SVA 

SVEl. 

ynhrt 

454.2 

454.2 

1542.12 

,0000 

446,9 

447.7 

1542.04 

.'I90? 

433,0 

435.4 

1541.53 

,1785 

412.3 

414.8 

1541.02 

.2635 

387.6 

391.0 

1540,29 

.3441 

354.5 

358,6 

1539.06 

.4191 

30Q.3 

314.2 

1536.88 

.4864 

272.4 

278.0 

1534,62 

.5456 

251,4 

257.7 

1533.08 

,5092 

230,1 

237.1 

1531.03 

,6486 

209,3 

216.8 

1528.57 

,6940 

195.4 

203.5 

1526.87 

. 7361 

179.4 

188.0 

1524.37 

.7752 

166,8 

175.8 

1522.31 

.8116 

157.4 

166.9 

1520.75 

.8459 

148.2 

158.0 

1518.49 

.8783 

139.3 

150.0 

1516.12 

.9399 

133.0 

144.5 

1 514,41 

.9989 

127,7 

140,0 

1512.51 

1 

.0859 

124,9 

138.1 

1512.06 

1 

.1115 

120.2 

134.1 

1510,59 

1 

.1660 

108,3 

121.4 

1504,36 

1 

.2173 

93.3 

104.7 

1495,81 

1 

.2825 

84,4 

95.4 

1492.35 

1 

.3025 

78.6 

89.2 

1490,03 

1 

.3392 

74,7 

85.6 

1489.55 

1 

.3741 

70,9 

82,0 

1489.27 

1 

.4u77 

67,8 

79.1 

1488,72 

1 

.4399 

61.8 

73.0 

1487,92 

1 

.4703 

58.6 

69.9 

1487.74 

1 

,4989 

54.4 

65.9 

1487.50 

1 

.?>261 

49.0 

60.3 

1‘*86,80 

1 

.5512 

4S,? 

56.6 

1486.62 

1 

.5746 

42.9 

54.4 

1486.71 

1 

.5969 

39,1 

51.1 

1487.18 

1 

.5388 

37.8 

50.4 

1488.28 

1 

.6804 

36.2 

49.7 

1489,60 

1 

.7392 

35,6 

49,8 

1491.00 

1 

. 7890 

34,4 

49.5 

1492.49 

1 

.8386 

34,1 

50.1 

1494.U1 

1 

.«884 

33,1 

50.0 

1U95.59 

1 

.9388 

32.9 

50.7 

1497.17 

1 

.9802 

32.6 

51  .2 

1498.70 

? 

,0401 

30,9 

50.3 

1500,30 

2 

.0907 

TRANS 


3. 

8*0 

14.1 

21.7 

30.8 

41.1 
b2.5 
bb.O 

78.4 

92.7 

107.9 

123.7 

140.3 

157.5 

193.9 

232.7 

273.8 

317.1 
362.7 

410.4 

460.0 

511.3 

564.1 

618.4 

674.0 

731.0 

789.2 

848.6 

909.1 

070.7 

1033.2 

1096.6 

1226.1 
1392.5 

1563.9 

1740.3 

1921.7 

2108.1 

2299.4 

2495.8 

2697.3 

2903.8 
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CTO  station  NUMOF.K  bb 


AUGUST 

03»  1971 

04,1  Z 

LAI ITUOE 

17  2 ^ 

longitude 

76  34 

DEPTH  ■ 

TO  BOTTOM 

1970  *'1 

Z 

T 

S 

SIGT 

TAN09 

SVA 

SVEI 

YNhGT 

TRANS 

0 

27, b6 

36.02 

23.33 

456.2 

456.2 

1541,96 

.0000 

.0 

20 

27.57 

36.01 

23.32 

457.3 

458,1 

1542.30 

.0014 

.9 

40 

27,49 

36,16 

23,45 

444,0 

445.7 

1542,58 

.Ifllfl 

3.6 

60 

27.08 

36.20 

23.62 

428.5 

431.0 

1542,03 

.i?69b 

8.2 

80 

26.75 

36.26 

23.77 

414,1 

417.5 

1541,66 

.3543 

14.4 

ion 

26.27 

36.36 

23.99 

392,4 

396.6 

1540.98 

.<*358 

22.3 

120 

25.23 

36.45 

24,23 

369 , « 

374.8 

T54U. 14 

.5129 

31.8 

140 

25,09 

36.56 

24.51 

343.1 

348.8 

1539,05 

.5r53 

42.8 

160 

24 . 38 

36.65 

24.80 

316.1 

322.6 

1537,75 

.6524 

55.1 

180 

23.28 

36.74 

25.19 

278.5 

285,7 

1535,45 

. /132 

68.8 

200 

21.85 

36.  76 

25.62 

238.1 

245,9 

1532,14 

.7664 

83.6 

2?0 

20.89 

36.73 

25.86 

215,0 

223.4 

1529,90 

,8133 

99.4 

240 

19.91 

36,65 

26.06 

195.7 

204.6 

1527.49 

.8561 

116.1 

260 

19.03 

36,54 

26,21 

18]  ,P 

191.2 

1525.26 

.8957 

133.6 

PflO 

18.^1 

36.48 

26.34 

168.8 

178.7 

1H23.47 

.9327 

151.9 

17.82 

36.43 

26.43 

160.9 

171.2 

’522.32 

.9677 

170.9 

340 

16. 

36.30 

26,53 

151.1 

162.5 

1520.39 

1 

.0341 

210.9 

30  0 

15.77 

36.10 

26.66 

138.6 

150.6 

1517.12 

1 

.0969 

253.6 

420 

14,  79 

35.92 

26.74 

130.9 

143.5 

1514,50 

1 

.1559 

298.6 

460 

13, 'Jl 

35. 74 

26,80 

126.1 

130,3 

1512.11 

1 

,iil2b 

346.0 

500 

12.63 

35.53 

26,90 

116.6 

129.9 

1508.27 

1 

.2662 

395.6 

540 

11.56 

35.38 

26,99 

108.0 

121,3 

1505.08 

1 

.3162 

447.3 

580 

10.84 

35,2° 

27,05 

102.0 

115.6 

1‘^03,10 

1 

,3b37 

500.9 

620 

10,:>1 

35.21 

27.10 

97.3 

111.1 

1501,40 

1 

,4090 

556.3 

660 

9,19 

35.00 

27.18 

89.9 

103.3 

1498,19 

1 

.4518 

613.5 

700 

8.  ^3 

35.00 

27.24 

83.6 

96.6 

1495.51 

1 

.4918 

6 72.4 

740 

7.91 

34.95 

27.27 

81  .2 

94,4 

1494.50 

1 

.5301 

732.9 

780 

7.30 

34.90 

27,32 

76.5 

69.4 

1492.75 

1 

.5(^68 

794.8 

820 

6.87 

34.87 

27.36 

73.0 

85.8 

1‘*91,68 

1 

.6018 

858.2 

860 

6.48 

34,87 

27.41 

68,0 

80.7 

1490.80 

1 

.6352 

922.9 

QOO 

6.21 

34,06 

27,44 

65.4 

78,2 

1«90.37 

1 

.6669 

989.0 

040 

5,83 

34.87 

27.44 

60 , 0 

72.6 

1489,52 

1 

.6971 

1056.3 

080 

5.59 

34.8° 

27,54 

55.6 

68.4 

1489.24 

1 

.7252 

1124.7 

1020 

5.44 

34 . 90 

27.56 

53.3 

66.1 

1489.30 

1 

.7522 

1194.5 

1100 

5.01 

34,93 

27.64 

48,0 

59.0 

1488,90 

1 

.HO?0 

1336.5 

1200 

4.67 

34.96 

27.70 

40.1 

53.3 

1489.18 

1 

.”579 

1519.5 

1300 

4,U3 

34.97 

27.74 

36,8 

50.4 

1409.85 

1 

,9094 

1707.9 

1400 

4,33 

34,98 

27.  ^6 

35.0 

49.4 

1491,09 

1 

.9589 

1901.3 

1500 

4.23 

34,98 

27,77 

34.0 

49,0 

1492,32 

9 

.0082 

2099.6 

1600 

4,16 

34.98 

27.77 

33.3 

49.0 

1493.68 

2 

.0571 

2302.9 

1700 

4.11 

3"  .9° 

27.70 

32.0 

48.5 

1495,14 

2 

.1059 

2511.1 

1800 

4,09 

34,98 

27.78 

32.6 

49,0 

1496.69 

? 

.1553 

2724.1 

1900 

4.1.7 

34.99 

27.78 

32.6 

51.2 

1406.70 

.2051 

2942.1 
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STD  station  NUVPFH  b6 
AUGUST  ifif  1971  OJ.3  y 

lATirUOF.  18  48 

IONGTTUDF  76 

ntPH  TO  MOTTOM  301S 


z 

T 

S 

SI6T 

TANOM 

SVA 

SVEl 

OYNhGT 

TRANS 

n 

29.21 

36.24 

22.95 

492.6 

492.6 

1545.70 

.OQOO 

.0 

20 

29.09 

36.2? 

22. ‘^7 

490.2 

491.1 

1545.75 

.0984 

1 

.0 

40 

28.  /4 

36.20 

23.07 

480,4 

482.1 

1545.32 

.1957 

3 

.9 

60 

27.17 

36.26 

23.63 

427.7 

430.2 

1542.27 

.2069 

8 

.8 

8(1 

25.  /5 

36,36 

24.16 

376.0 

380.2 

1539.46 

.3080 

15 

.3 

100 

24.73 

36,61 

24.58 

336.2 

340.3 

1537.51 

.4400 

23 

.4 

120 

23.88 

36.64 

24,04 

302.6 

307.4 

1535.88 

.5048 

32 

.8 

140 

23. 13 

36.75 

25.24 

273.7 

279.3 

1534.43 

.5635 

43 

.5 

160 

22.53 

36.80 

25.51 

248.1 

254.4 

1532.77 

.6168 

55 

.3 

180 

21.63 

36.  /H 

25.72 

228,2 

235.1 

1531.00 

.6658 

66 

.1 

200 

20.45 

36. 6« 

25.05 

206.6 

214.1 

1528.36 

.7107 

81 

.9 

220 

19. 6U 

36.60 

26,11 

191.6 

19°. 6 

1526.27 

.7521 

96 

.5 

240 

18.66 

36.48 

26,25 

177.7 

186.2 

1523.89 

.7907 

112 

.0 

260 

17.85 

36. 3« 

26,38 

165.2 

174.2 

1521.72 

.8267 

128 

.1 

2P0 

17.^4 

36.31 

26.48 

156,1 

lbS.6 

'520.18 

.8607 

145 

.0 

300 

16.70 

36.2? 

26.54 

150.4 

160.3 

1518.79 

.8933 

162 

.5 

340 

15.93 

36.1? 

26.64 

140.6 

151.5 

1516.99 

.9555 

199 

.5 

380 

15.11 

36.01 

26.74 

131.0 

142.7 

1514.96 

’ .0143 

238 

.9 

420 

14.32 

35. 8« 

26.82 

124,1 

136.5 

1512.95 

1 .0701 

280 

.6 

460 

13.65 

35.75 

26.86 

120,2 

133.2 

1511.27 

1.1238 

324 

.5 

SOO 

12.57 

35.60 

26.96 

110.3 

123.6 

1508,15 

1.1751 

370 

.5 

640 

12.12 

35.54 

27.00 

106.4 

120.3 

1507,20 

1 .2238 

410 

.5 

680 

11.54 

35.46 

27.0b 

101.7 

116.1 

1 505,76 

' .2711 

466 

.4 

620 

10.98 

35.38 

27.09 

97.8 

112.5 

1504,35 

1 .3169 

520 

.1 

660 

10.37 

35.29 

27.13 

94.1 

109.0 

1502.72 

1.3611 

573 

.7 

700 

9.53 

35.18 

27.19 

88.5 

103.2 

1500.20 

1.4038 

629 

.0 

740 

8.82 

36.04 

27.25 

83.4 

97.5 

1496.93 

1 .4430 

686 

.0 

780 

7.^6 

34.91 

27.33 

75.1 

87.9 

1492.57 

1.4011 

744 

.5 

820 

6.  57 

34.87 

27.42 

66,6 

78.6 

1409.72 

1.5141 

804 

.4 

860 

5.86 

34.87 

27.49 

60,3 

72.0 

1408,34 

1.5443 

865 

.6 

QOO 

5.^0 

34.88 

27.53 

56,5 

68.2 

1487,96 

1.5723 

927 

.9 

940 

5.82 

34.90 

27.50 

51, « 

63.5 

1487.51 

1.5987 

991 

.3 

'»80 

5.15 

34.91 

27.61 

49.1 

60.9 

1487,49 

1.6235 

1055 

.6 

1020 

5.00 

34.9? 

27,63 

46,7 

58.7 

1487.54 

1.6475 

1121 

.2 

1100 

4.77 

34.93 

27.67 

43.4 

55.8 

1407.92 

1 .6929 

1254 

.8 

1200 

4.59 

34.96 
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>^.TD  STATION  MUMpEK  AbS 
AUGUST  14,  1971  O'?. 7 f 

LATITUDE  17  05 
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7 

T 

S 

SIGT 

TAMO^' 

SVA 

SVEi 

'^YNhGT 

TRANS 

0 

27.t^4 

36.06 

23,36 

452.7 

452.3 

1541.95 

.0000 

.0 

20 

27.51 

36.08 

23,39 

450,4 

451.2 

1542.23 

.0904 

.9 

40 

27,41 

3<^..13 

23.46 

443.7 

445.4 

1542.38 

.1801 

3.6 

60 

27.27 

36.15 

23.52 

437. Q 

440.5 

1542.41 

.2686 

6.1 

80 

26.03 

36.21 

23.67 

423.2 

426.6 

1542.03 

.3b54 

14.3 

100 

26.49 

36.31 

23.89 

402,6 

406.8 

1541.44 

.4387 

22.3 

120 

26,18 

36. 3H 

24,05 

387.6 

392.6 

1541.13 

.5186 

31.8 

140 

25,75 

36.53 

24, 29 

364.7 

370.5 

1540.58 

, 5q49 

43.0 

160 

25,27 

36.58 

24.47 

346.9 

353.5 

1539.82 

.6673 

55.6 

1 AO 

24. 00 

36.60 

24,94 

302.4 

309.7 

1537.19 

.7336 

69.6 

200 

23.33 

36.77 

25.20 

277,8 

285.8 

’535.92 

.7932 

84.9 

220 

21.57 

36.7? 

25.66 

233.6 

242.0 

1531. 6“ 

.8460 

101.3 

240 

19.78 

36.58 

26.04 

197.5 

206.4 

1527.07 

. 8908 

118.6 

260 

18.67 

36.48 

26.25 

177.5 

186.7 

1524.18 

.9301 

136.9 

280 

17.69 

36.33 

26,38 

165.1 

174.7 

1521.52 

.9663 

155.8 

300 

17.05 

36.25 

26.46 

156.1 

166.2 

1519.87 

1 .0003 

175.5 

340 

15.59 

36.0? 

26.64 

140.5 

151.2 

1515.83 

1 .0636 

216.8 

380 

14,73 

35.86 

26.71 

134.0 

145.4 

1513.60 

1.1232 

260.5 

420 

13.03 

35.74 

26.79 

126.5 

138.5 

1511.53 

1 .1600 

306.6 

460 

13.02 

35.57 

26.86 

121 . 1 

133.6 

1508.98 

1 .2348 

354.9 

600 

12.56 

35.50 

26.89 

117,5 

130.  r 

1 508.00 

1 .2873 

405.3 

640 

11.59 

35.35 

26.96 

110.7 

124.1 

1505.15 

1 .3383 

457.9 

530 

10,36 

35.16 

27.03 

103.5 

116.5 

1501.23 

1 .3865 

512.4 

620 

9.17 

34. 

27.1  0 

97.0 

109.5 

1497.34 

1 .4318 

568.7 

660 

7.74 

34.87 

27,23 

84.8 

96.3 

1492.46 

1 .4726 

626.8 

700 

7.61 

34,87 

27.25 

83.0 

95.0 

1492.60 

1 .5107 

686.5 

740 

7,42 

34.85 

27.26 

81  ,c» 

94.2 

1492.49 

1 .5486 

747.7 

780 

7.14 

34.8? 

27.28 

80,3 

92. ° 

1492.02 

1 .5859 

810.4 

820 

6.74 

34.81 

27.33 

75.8 

88.3 

1491.09 

1 .6220 

8 74.5 

860 

6,50 

34.8? 

27.37 

72.0 

84.7 

1490.81 

1 .6564 

940.1 

900 

6.15 

34.8? 

27.41 

67.6 

80 . 3 

1490.08 

’ .6897 

1 007. 0 

940 

5.37 

34. 8« 

27.46 

62.7 

75.4 

1«39.64 

1 . /206 

1075.2 

980 

5.15 

34. 8« 

27.59 

50,6 

62.4 

1487.46 

1 . '48b 

1144.6 

1020 

4.85 

34.94 

27.67 

43,5 

55.2 

1486.95 

1.7718 

1215.1 

/ 


STD  STATION  MUMPFR  69 
AUGUST  1971  ny.7  / 

LATITUDE  16 

longitude  79  ST 

HEHTi*  TO  BOTTOM  900  m 

Z T S SIPT  TANOV  SVA  SVEL  DYNhGT  TRANS 

0 27. SS  36. OH  23.37  461.6  461.6  1641,99  .OoOO  .0 

20  27.66  36. OH  23. A7  461,6  462.6  1542.32  .0904  .9 

40  27. ‘^3  36. n«  23. 3H  461,0  452.7  1642.60  .Ipog  3.6 

60  27,16  36.14  23.66  436.3  437. H 1642.16  .2700  8.1 

HO  26,79  36.24  23.74  415.8  420.1  1641.74  .3568  14.4 

10f>  26.20  36. 3H  24.03  388.0  393.1  1540.84  .4371  22.3 

l^>n  26.^9  36.67  24.43  361,2  356.1  1639.45  .Si?0  31.8 

140  24. «7  36.66  24.65  330.2  336.0  1538,61  .6812  42.7 

160  24. ^'4  36,70  24.88  308,5  315.0  1537,46  .6463  55.0 

180  24.07  36.72  24.94  302.2  309.5  1637.38  .7ofl8  68.6 

200  22.61  36.64  26.31  267.3  276.2  1633.99  .7p72  83.3 

220  20,36  36.66  25. ‘»4  207.1  215.4  1528.40  .8163  99.2 

240  19.03  36.60  26.18  184.8  193.4  1524,90  .8572  115.9 

260  18,54  36.4?  26.29  173. n 183.0  1523.18  .8948  133.4 

280  17.64  36.32  26.41  162.3  171.9  1521,07  .9303  151.7 

300  16.79  36.21  26.51  153.2  163.1  1619.05  .9638  170.6 

340  15,40  35. 9«  26.66  138.7  149.2  1515.21  i.0p58  210.4 

380  13,94  35.74  26.79  126.7  137.6  1510.92  1.0038  252.6 

420  12. <^4  36.53  26. H5  120.6  131.9  1507.69  1.1378  297.1 

460  11. *^8  36.42  26.94  112.6  124.3  1505.29  1.1884  343»6 

500  11,00  35.26  26.97  109,1  121.0  1602.61  1.2376  392.1 

540  10.81  36.24  27.02  105.2  117.0  1502.29  1.2052  442.6 

580  10.19  36.16  27.06  100.7  113.6  1500.62  1.3317  494.9 

620  9,^8  35.09  27.08  99.2  112.4  1499.70  1.3769  549.1 

660  9,37  36.02  27.09  97,0  111.4  1498,76  1.4215  605.0 

700  8,13  34.92  27.21  86.6  99.3  1494.65  1.4630  662.0 

740  7.26  34.83  27,97  81.2  93.3  1491.85  1.5ol8  722.1 

780  6.96  3'. 83  27.31  77.?  89.5  1491.33  1.5382  782.9 

020  5.95  34.84  27. ‘15  63.7  74.9  1488,01  1 .5707  845.1 


■■.TD  station  r'llMBEK  70 

'UGlisr  14r  1971  1^.7  / 

l.ATlTUOE  lb  'iS 

lONr-TTUOf^  fif)  0*J 
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121.6 

1504. 19 

1 

. 1705 

309.7 

4bO 

10.56 

35.22 

27.04 

102,4 

113.0 

1500,09 

1 

.??71 

357.8 

bOO 

9.10 

34.90 

27.11 

95.0 

1 05. 9 

l«Oi,  ^14 

1 

.2712 

407.8 

54  0 

8.08 

34 . 92 

27.22 

85.0 

95.7 

1491 . 88 

1 

.3100 

459.4 

5H0 

7.63 

34.87 

27.25 

H3.3 

93.2 

1400.  /4 

1 

, 3487 

512.6 

620 

7.22 

34.86 

27.29 

79.2 

8°.  3 

1 480, 

1 

.3848 

567.3 

bbO 

6 , 9o 

3u  . 83 

27.31 

77.2 

67,6 

14«9. 30 

1 

.4202 

623.4 

700 

8.13 

34.92 

27.21 

86.6 

99.3 

1404,65 

1 

,4863 

680.0 

302 


'^TO  STATION  MUMBKK  71 
AUGUST  16»  1971  nj.S  / 

latt-^uof:  ih  ■^'1 

I ONOITUC'P  HI 

"lEBTH  TO  HOTTOM 


z 

T 

S 

STGT 

TAMO‘« 

SVA 

5VEI 

'^YNhGT 

TRANS 

(1 

27.  A9 

3b , U<J 

23.43 

446.0 

446,0 

1041.60 

.0000 

.0 

??0 

27.2b 

30.10 

23. u9 

440 

441  .8 

1041,67 

.OpRH 

.9 

40 

2b.  73 

3b, 21 

23.74 

417.1 

41H.H 

1040.93 

. 174H 

3.5 

6^ 

2b.  S0 

3b  , 2H 

23. H2 

UOQ.  0 

411.0 

1040.96 

.2079 

7.9 

HO 

2b.  13 

30.3  7 

24.0b 

3H7.0 

390  , H 

1040.35 

.33P1 

13.8 

1 0 0 

2b. 29 

3b. b4 

24. «4 

300.4 

304,0 

’ 03R.Rb 

.4126 

21.3 

1?0 

23.73 

30. bo 

24. «b 

301.2 

306,1 

’ 030.48 

.4787 

30.2 

1 4 0 

2U.b3 

3b. bs 

20.79 

221 . 3 

226.0 

1027.70 

.0319 

40.3 

ISO 

10. ->1 

3b. 44 

2b.  lb 

IHb,? 

191.9 

1023.22 

.0738 

01.4 

1 HO 

16.  Ab 

30.40 

20.27 

1 ^0.0 

161.9 

1021.90 

.6112 

63.2 

200 

1 7.'J7 

30.31 

20.30 

173.1 

IbO.O 

1021.04 

.6474 

70. R 

220 

lb.4U 

30.13 

26.04 

100.2 

157.4 

1016.01 

.ball 

89.1 

240 

lb. 42 

3<^.U1 

26.07 

137.6 

140.1 

1013.69 

.7114 

103.0 

303 


r 


c;TD  ■"-TAT^ON  N'UMRfR  72 
AUGUST  16.  1971  06,8  I 

LATITUDE  lfc>  li" 

LOinJDTTUOE  81  1? 

depth  to  bottom  241  M 


1 

T 

S 

SI6T 

TANOM 

SVA 

svei 

>-YNh6T 

TRANS 

[ 0 

27.74 

36.  U6 

23,30 

459.0 

459.0 

1542.39 

,0000 

.0 

j 20 

27.64 

36.  OP 

23.38 

451.3 

452,2 

1542.29 

.0911 

.9 

1 40 

27.  i2 

36.1? 

23.48 

441.6 

443,3 

1542,17 

.1007 

3.6 

t 60 

27.24 

36.14 

23.52 

437.7 

440.3 

1542,33 

,2690 

6.1 

8U 

2b. 98 

36.36 

24.08 

384.5 

387.8 

1539.98 

.3518 

14.3 

1 no 

24. 8J 

36.51 

24.55 

339.1 

343.2 

1537.75 

,4249 

22.1 

120 

24.71 

36.5? 

24,60 

334.9 

339,8 

1537.79 

.4932 

31.3 

14f» 

22.64 

36.60 

2b. ?7 

271.0 

276.5 

1533.07 

.5549 

41.8 

160 

lfa.b2 

36.43 

26,25 

1 77.5 

183,2 

1622.10 

,6uOP 

53.3 

180 

17.61 

36.33 

26.40 

163,2 

169.4 

1519.68 

.6361 

65.7 

200 

17.97 

36.31 

26.30 

173.1 

180.0 

1521.04 

.6710 

78.8 

1 


304 


f 


STO  SIATICN  MUMr^EK  73 


AUGUST  1ft.  1971 

12.4 

/ 

LAT  nuot 

lb 

17 

LONGlTUor 

ftl 

14 

'^EPTH  TO  bottom 

2ftft 

V 

Z 

T 

S 

SI8T 

TANO'^ 

SVA 

SVEl 

''YNhGT 

t«ans 

f) 

27.^5 

36.01 

23.29 

4b9,8 

459.8 

1542.15 

.0000 

.0 

?n 

27. SB 

36.06 

23.3b 

4b3.7 

454. b 

1542.37 

.0gl4 

.9 

40 

27. S4 

3ft.  ou 

23.36 

4b0.7 

452.4 

1542.62 

.1821 

3.6 

6'i 

27. '<0 

3ft. Ou 

23.03 

446.6 

449.1 

1542.64 

.2723 

8.2 

40 

26.89 

36.37 

23. «7 

404.3 

407.6 

1541.62 

.3579 

14.5 

ino 

26. ''6 

3ft.  b3 

24.13 

379.7 

383.9 

1541.09 

.4371 

22.4 

120 

24.72 

36.73 

24.7b 

320.3 

325.2 

1538.00 

,bo80 

31.9 

lUf) 

24.0  7 

3ft.  71 

24.63 

302.0 

308.6 

1636.73 

.5714 

42.7 

IftO 

10.90 

3ft.  b3 

26.24 

170.2 

184.8 

1523.27 

,6207 

54.6 

180 

17,  iS 

36.36 

26. “7 

lb7.n 

163.1 

1519,24 

.6555 

67.4 

?no 

16.09 

3ft. 1ft 

26.64 

141  .2 

14  7.  7 

1515.27 

,6tj6b 

80.8 

2?0 

lb. 89 

36.07 

26.66 

137.4 

143.8 

1513.97 

. 7i58 

94.8 

240 

lb. '*4 

36.00 

26.70 

135.0 

141.6 

lftl3,l? 

. '"443 

109.4 

2ftO 

14.09 

36.90 

26.73 

132.7 

139. b 

1512.26 

. 7724 

124.6 

280 

14. b4 

3ft.  67 

26.7b 

130.3 

137. b 

1511.39 

.8001 

140.3 

300 

14.16 

3^.81 

26.78 

128, n 

I3b.b 

1610.50 

.6274 

156.6 

340 

13.46 

3ft. 67 

26.82 

123.3 

131.9 

1508,70 

.8809 

190.8 

380 

12.  76 

3ft.  b4 

26.87 

118.7 

128.6 

1506.85 

.9330 

227.0 

305 


STU  STATION  MNMPFK  A 

AUGUST  16»  1*^71  14,6  / 

LATITUOL  16  l"^ 

l.ONr,ITUnF  «1  14 

PEPTH  TO  bottom  j?65  ^ 


z 

T 

s 

SIGT 

TAMOM 

SVA 

bVEI 

^'YNhGT 

TRANS 

n 

27.67 

36,07 

23.26 

462.3 

462.3 

lb42.69 

.0000 

.0 

20 

27.66 

36.07 

23.  A3 

4bb.P 

4S6.6 

1 642.65 

.091« 

.u 

40 

27. b2 

36. OH 

23.38 

4b0.7 

452.4 

1642. b7 

. 182H 

3.7 

60 

27,. AS 

36.11 

23.46 

443.4 

445.9 

1642.54 

.2726 

8.2 

26.76 

36.2b 

23.76 

414. Q 

418.3 

1641.69 

.35B0 

14.5 

100 

2S.  ■'4 

36.  bH 

24.4b 

340.1 

353.3 

1639.00 

.4362 

22.5 

120 

23.40 

36.72 

2b. 14 

2B3.2 

2PR.0 

1634 , 76 

.5003 

31.9 

140 

22,32 

36.  HO 

2b. bl 

247.7 

253.2 

1 632.41 

. SK44 

42.4 

160 

IV , 67 

36.60 

26.16 

186.0 

192. S 

1625.58 

.bqaO 

53.9 

IflO 

lb. 69 

36.12 

26.  /O 

13b. 4 

141.1 

1613.68 

.6324 

66 . 3 

CTO  STATION  MllivipEH 

74 

ftUGllST  m?i 

1^.4  * 

1 AT! lUOE 

lb  ?7 

L ONr,  TTUQr- 

OU  S*' 

r’EHT  ' TO  BOrTOW 

4Qg  ** 

7 

T 

S 

bir^T 

T AN08 

SVA 

SVEI 

-YNhRT 

tkans 

n 

28.08 

38.11 

23.22 

4bb.O 

46b.  0 

1S43.18 

.ocoo 

.0 

?!' 

27.  77 

38.13 

23.34 

4bb.P 

4bb.o 

1b42.8b 

.0922 

.9 

40 

2 7.b9 

3c.  12 

23.3b 

4b3.3 

Obb.O 

1 S42.99 

.1033 

3.7 

bO 

27.  s2 

3b.  11 

23.38 

4bl  .3 

4b3.H 

1843.1b 

.2742 

8.3 

Bf> 

2 7.S9 

3b. 12 

23.39 

4bO.  1 

4b3.4 

1543.41 

.3649 

14.6 

1 no 

2 7. 12 

3b. lb 

23.  b7 

432. b 

43b. 8 

1542.73 

.4b39 

22.8 

l?o 

2b. ‘'2 

3b.  b« 

24.28 

3bS.b 

370.  b 

1840.71 

.5346 

32.7 

140 

24.8b 

3b . 70 

24.82 

314.0 

310.8 

1558.20 

.6037 

44.1 

IbO 

^3.  ’7 

3b.  78 

^ uo 

297,3 

303.8 

lb36.83 

.6660 

56.8 

l^n 

22.  "* 

3b.  70 

2b. bl 

247.7 

25«.5 

1832.2b 

.7210 

70.7 

?no 

20.  ?b 

3b. 71 

2b. 02 

200,0 

207.5 

1527.83 

. 7681 

05.6 

??o 

18. 2b 

3b.b'» 

2b. «4 

lb9.7 

167.5 

’522.47 

.8Q5b 

101.3 

?40 

17.  ->3 

3b.38> 

26. “7 

lb7.l 

16b. 3 

1520.46 

.8388 

117.8 

?bO 

16.18 

3b.  20 

26.84 

140.5 

148.0 

1516.56 

.8703 

134.8 

2«0 

14. bO 

3b.  9b 

26.84 

121.9 

130.3 

1511.38 

.8982 

152.5 

300 

13.  ^4 

3S.  72 

2b. «0 

11b. «= 

124.9 

1507.63 

.9237 

170.7 

340 

12.1b 

3b. 4U 

26.  «b 

110.5 

110.3 

1504.01 

.•^735 

208.7 

300 

10.00 

3b.  18 

27.11 

9b, 0 

104.2 

1406,76 

1 .0173 

246.5 

4.?fl 

8.1 

3b. 07 

27.2b 

«2.2 

90.4 

1492.13 

1 .0669 

290.0 

4b0 

9.-4 

3b. 04 

27.1b 

'^2.3 

100.8 

’4CJ4.36 

1 .0949 

333.1 

307 


^iTO  STATION  NUMMf-K  A?4 
AUGUST  Iht  1971  ?n.7  / 

I.  ATlTUnt  16  ?f 

LONrTTUOF  «0 

^EHTM  TO  HOTTOM  499  ’* 


? T S 


0 

28 

.11 

3<. 

.14 

20 

27 

.76 

3s 

.17 

40 

27 

.S9 

36 

.13 

64 

27 

.'■^1 

36 

.1? 

flO 

27 

36 

.IH 

100 

26 

.69 

36 

.37 

120 

26 

.06 

36 

.45 

1 40 

2b 

36 

. n 

160 

24 

.21 

36 

.74 

IfiO 

23 

.46 

36 

.H? 

200 

21 

.36 

36 

.H5 

220 

19 

.lt> 

36 

.6? 

24f( 

17 

.IS 

36 

.33 

260 

15 

,46 

36 

.03 

?fiO 

14 

.^6 

35 

.90 

30  0 

13 

.»? 

35 

.68 

340 

11 

.16 

3^ 

.36 

SKiT  TA^'C^i 
23. ?4  464. n 

23.3H  461.? 

?3.36  46?. 7 

?3.3H  460.7 

?3.61  43H.3 

?3."0  4UT.4 

24.13  370.4 

24.6?  332.6 

?4.4b  301.3 

?6.?0  ?77.6 

26. HI  210.6 
26,2?  IHO.3 
26.61  163.1 

26. 6H  136.7 

26.02  123. S 

26. ^’3  113.0 

27.06  101.0 


SVA  SVFI 
464.fi  1643.27 

452.1  1642. P6 

454.4  1642.99 

453.2  1643.13 
441.7  1642.94 

406.6  1641.72 

364.4  1640.91 

338.4  1639.20 
307.9  1537.47 
264.fi  1636.9? 

226.6  1630.92 
1B6.7  1626.0? 

160.3  1619.28 

144.4  1614.11 
I31.fi  1610, 84 
121.3  1606.64 
110,2  1500,41 


hynhgt 

THANS 

,UoOO 

.0 

.0017 

.9 

.1823 

3.7 

,2731 

8.2 

,3626 

14.6 

.4473 

22.7 

.6^63 

32.4 

.5986 

43.7 

.6632 

56.3 

. ^225 

70.1 

.7736 

85.1 

.8150 

101.0 

.H4Q6 

117.6 

.8802 

134.9 

.91)78 

152.8 

.^331 

171.2 

.47A8 

209.5 

308 


•;iu  statton  n'imrfr  7b 

rUGIIST  lb.  1971  ?3.tt  7 

I ATITHOE  Ifa  <»b 

I ONGMUn'^  R1  0/ 

Ptl^T  < TO  BOTTOM  bl2  ** 


7 

T 

S 

SK,T 

TAMO'' 

SVA 

SVEI. 

''YNhGT 

TRANS 

II 

2/.  *b 

36.1? 

23.27 

461.6 

461  .b 

1642.93 

,0000 

.0 

?n 

27. bH 

36.11 

23.39 

4bri.2 

451.0 

1642.41 

.0913 

.9 

40 

27.47 

36.11 

23.42 

447.1 

448.8 

1642,48 

.1012 

3.6 

bo 

27.40 

36.11 

23.44 

444.9 

447.6 

1642.66 

.2709 

8.2 

HP 

26.83 

36.24 

23.  73 

418.1 

421.4 

1641.82 

.J577 

14.4 

ino 

2b. 02 

36.43 

24.13 

3 79.0 

384.1 

1540.47 

.4383 

22.4 

1?0 

2b. HH 

36.46 

24.19 

373.7 

378.6 

1640.49 

.6146 

31.9 

14(1 

2b.  72 

36.  bl 

24. 20 

366.2 

371.0 

1640.49 

.5895 

43.0 

1 bO 

23. bb 

36.69 

2b.  07 

289.6 

296.0 

1635.78 

.6562 

55.4 

1 on 

22 . 30 

36.72 

2b. 4b 

2b3.3 

260.3 

1632.95 

. '119 

69.1 

P.on 

19. b3 

3b.  bO 

26.13 

189.7 

196.9 

1624.82 

.7*  76 

83.8 

2?n 

13.49 

36.4  3 

26.26 

176.4 

184.2 

1622.97 

.7967 

99.3 

?40 

16. b2 

36.23 

26.69 

145.8 

lb3.b 

1617.30 

.0296 

115.6 

?bn 

lb. 4b 

36.03 

26.68 

137.0 

14b. 1 

1614.15 

.8503 

132.6 

280 

14.  >b 

36.9b 

26.  73 

132.2 

140.8 

1612.87 

.0079 

160.0 

?0n 

14.63 

3b. 0H 

26.75 

130.2 

139.2 

1612.03 

.9159 

168.0 

34(1 

12.61 

36.60 

26.9b 

1 10.9 

120,1 

1505.71 

.9687 

205.7 

380 

10.66 

36.27 

27.07 

100.4 

109.3 

1 409.22 

1 ,0144 

245.4 

4?n 

10.06 

36.2(1 

27.12 

9b.  3 

104,6 

1497.62 

1.0 b7? 

286.8 

4b0 

9.^0 

36.08 

27.2(1 

88.2 

97.3 

1494.24 

1 .0973 

329.9 

bOd 

H.b2 

36.01 

27.22 

86.1 

95,3 

1493,01 

1.1?68 

374.6 

b4(l 

0.  )4 

30.94 

27.24 

84.0 

93.4 

1491.76 

1.1736 

420.8 

b80 

7.66 

34.88 

27.26 

01.9 

91.7 

1490.40 

1,2106 

468.4 

rTD  ST  AT  TOM  I 'UMpF.H  76 

august  17,  1971  03.2  7 

LATI’-UDE  lb  4^^ 

LOM-AIIUOF  RU  b/ 

-^LPTM  TO  ROITOM  395 


1 

T 

S 

SIGT 

TAMOW 

bVA 

SVFI 

OYMhGT 

n 

27.  b4 

36.04 

23.3b 

4b4.2 

454.2 

1641.93 

.0000 

?n 

27.  ^3 

36.13 

23.08 

441,5 

442.3 

1641.88 

.0097 

40 

27.17 

36.17 

23. b7 

4 33.1 

434.8 

1641.89 

.1774 

6M 

2b.c'7 

36.24 

23.68 

422.4 

42b, 0 

lb41.81 

.2633 

40 

2b.  M 

36.40 

24.00 

391.5 

394.8 

1640,84 

,3463 

10(1 

2b.  8b 

36.40 

24.16 

374,8 

378.9 

1540.10 

.9227 

120 

24.  16 

36. 6H 

24.64 

330.7 

33b. 7 

1538.63 

.994? 

140 

24.  b4 

36.  /3 

24.81 

316.0 

320.8 

1537.87 

.6598 

160 

24.^2 

36.76 

24.92 

304.4 

310.9 

1537.45 

.6230 

IRO 

22.24 

36.83 

2b. bb 

243.6 

2b0.6 

1532.89 

.6791 

200 

21.03 

36.71 

2b. «0 

220.6 

228.1 

1529.94 

. 7270 

220 

20.  .-9 

3'..  6“ 

2 b.  99 

202.9 

211.2 

1528,24 

.7709 

240 

17.  /3 

36.38 

26.41 

162.4 

170.6 

1621.05 

.6091 

260 

lb. 84 

36. 

26.64 

141.3 

148.9 

1615.41 

.8411 

240 

14.  'b 

3b.  83 

26.77 

128.0 

136.3 

1610.74 

.8696 

300 

13.44 

36.76 

26.83 

123.1 

131.6 

1609.35 

.H964 

340 

11.33 

36.41 

27.0b 

101.9 

110.2 

1601.10 

.9441 

380 

10. '-6 

3b. 2« 

27.04 

102.8 

111.7 

1499,93 

,9;iP9 

tkans 


3. 

8. 

14.1 
21.7 
30.9 
41.4 
b3.3 
6b  . 3 
ao.4 
9b. 3 
111.1 

127.6 

144.7 
162.4 
199.2 
237.0 


310 


O O'  vO  o 


‘■.TD  station  T7 

AUGUST  17,  1971  n«1.3 

I ATlTUnc  Ih  SA 

LONGTTUO'^  HU  31 

rtPTH  TO  BOTTOM  371  ” 


2 

T 

S 

S I (U 

TANGO 

5VA 

SVEI 

-^YMHGT 

n 

27.78 

36.  on 

23.30 

458, n 

458.8 

1542.50 

.OQOO 

?') 

27.  75 

3^.09 

23.32 

457,0 

457.8 

1642.77 

.0917 

an 

27.47 

36.13 

23. “4 

445.6 

447,3 

1542.51 

.IP22 

6*1 

26.79 

36.24 

23.74 

416.3 

418,9 

1541,41 

.2688 

HO 

26,36 

36, 3H 

23.98 

393.8 

397.1 

1540.87 

.3504 

lUn 

25.90 

36.48 

24,20 

372.7 

376.9 

1540.24 

.4278 

1 ?n 

25.55 
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121.6 

1501.63 

. 7902 

380 

10.42 

35.13 

27.00 

106.7 

115.3 

1498.19 

.8376 

420 

9.  15 

34.96 

27.05 

102.0 

110.6 

1494.74 

.8627 

460 

a.  23 

34.84 

27.13 

94.0 

102.5 

1491.06 

.9252 

boti 

7.64 

34. 7« 

27.17 

90.1 

98.7 

1489.37 

.‘^654 

sun 

7.  )6 

34. 72 

27.21 

86.7 

95.3 

1487.70 

1 .0042 

bBO 

6.  75 

34.60 

27.23 

84.0 

93.7 

1487.09 

1 .0419 

620 

b.  17 

34.68 

27.27 

80.8 

89.8 

1486.23 

1,0785 

TRANS 

.0 

1.1 

4.1 

8.7 

14.8 
22.2 
30.7 

40.0 

50.1 

60.9 

72.4 
84.6 

97.5 

110.8 

124.8 

139.3 

169.9 

202.5 

236.9 

273.1 

310.9 

350.3 

391.2 

433.6 
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«;TD  STATION  NUMBFH  016 
SEPTfVIBEP  18»  1Q71  li,7  / 
LATITCDE  12  O'^ 

LONgITUU'-  63  O') 

OEPTH  TO  ROITOM  ?348  ^ 


7 

T 

S 

SIGT 

TAN04 

SVA 

5VEI 

HYNhGT 

TRANS 

0 

27.  74 

34.12 

21.84 

598.4 

69B.4 

1640,36 

."000 

.0 

?0 

27.08 

35.10 

22.79 

507,6 

508.4 

1640.32 

.1107 

1.1 

40 

26.30 

36.17 

23.86 

406.7 

408.4 

1639.89 

.J?024 

4.2 

60 

26.07 

36.32 

24,06 

386.3 

388,8 

1 539,61 

.2821 

9.1 

pn 

26.36 

36.46 

24.36 

358,9 

362.2 

1538.63 

.3572 

15.5 

100 

23.66 

36.67 

26.06 

291,1 

296,2 

1534,77 

.4229 

23.3 

120 

22.83 

36.73 

26.31 

266.8 

271.6 

1533,34 

.4796 

32.3 

140 

21.02 

36.61 

26.  73 

227.1 

232.4 

1528,85 

,5300 

42.4 

160 

19.  lb 

36.46 

26,03 

198.3 

204.1 

1624.78 

.5736 

63.4 

1«0 

18.  V/ 

36.36 

26.24 

1 74,0 

165,3 

1621.92 

.6126 

66.3 

200 

17.  R3 

36.30 

26.33 

170.5 

177.4 

1620.62 

,6488 

77.9 

220 

17.23 

36. 2u 

26.43 

161.0 

168,4 

1619.11 

.6834 

91.2 

240 

lb.  ^6 

36.07 

26. 5U 

163,7 

161.5 

1616,65 

.7164 

106.2 

260 

16.47 

36.93 

26.60 

144.5 

152.6 

1614,08 

.7478 

119.9 

2P0 

14.74 

30.80 

2b. 66 

138.6 

147.0 

1611.96 

. '778 

135.1 

300 

13. «2 

30. b7 

26,74 

131.4 

140.0 

1509.49 

.8065 

151.0 

340 

12.24 

35.37 

26. «b 

121.1 

129.9 

1504.19 

.8604 

184.3 

3«0 

10.66 

35.04 

26.04 

112,0 

120.7 

1498,64 

.9104 

219.7 

420 

9.44 

36.00 

26.48 

108.4 

117.5 

1496,94 

.457a 

267.1 

460 

9.39 

34.94 

27.03 

104,1 

113,6 

1495.61 

1 .0Q40 

296.4 

'-OO 

8.76 

34.  H7 

27.00 

94,5 

109.1 

1493.69 

1 ,0486 

337.4 

640 

7.Hb 

34 . 77 

27.1  3 

94.2 

103.7 

1490,92 

I.U9I4 

380.2 

bPO 

7.  37 

34.71 

27.16 

91,6 

101.2 

1480.63 

1,1325 

424.7 

620 

6.68 

34.66 

27.23 

84.9 

94,1 

1487.03 

1.1716 

470.8 

660 

6.'»9 

34.64 

27.29 

79.1 

88.1 

1486.31 

1 .iiOfiO 

518.4 

700 

6.77 

34  .64 

2 7,36 

73.5 

82.7 

1485.13 

1.2422 

567.4 

740 

b.f  4 

34. 72 

27,40 

69.0 

78,5 

1485.31 

1.2743 

617.7 

7P0 

6.09 

34.77 

27,46 

63.5 

73.4 

1485.42 

1.3045 

669.3 

P20 

3.^6 

34.82 

27.61 

58.1 

68.3 

1485.58 

1,333" 

722.1 

«60 

6.27 

34.84 

27.64 

65. 7 

66,3 

1485,93 

1.3600 

776.9 

«00 

6. OR 

34.88 

27.69 

50,6 

bl.3 

1485,86 

1 ,3o54 

830.8 

040 

4. ''4 

34.90 

27.6? 

87.6 

58. 5 

1085.97 

1 ,4o95 

886.7 

4P0 

4.H6 

34.91 

27.64 

46.8 

57.0 

1486.27 

1 ,4327 

943.6 

1020 

4.72 

34.42 

27.67 

43.6 

55.0 

1486.40 

1 .4550 

1001.3 

1100 

4.49 

34.94 

27.71 

39.7 

51.4 

1486.79 

1,4974 

1119.6 

1200 

4.37 

34,46 

27.73 

37.7 

50.1 

1487.94 

1 .5477 

1271.7 

130  0 

4.27 

34.46 

27.76 

36,9 

49.1 

1489.18 

1 .5q73 

1429.0 

1400 

4.22 

34.96 

27.76 

36.4 

49.4 

1490.61 

1 ,6462 

1591.2 

1600 

4.17 

34.98 

27.76 

34.4 

49,7 

1492.05 

1.6957 

1768.3 

1600 

4.14 

34,9  7 

27.77 

33.8 

49.5 

1493.59 

1.7452 

1930.3 

1700 

4.12 

34,97 

27.  77 

33.6 

60.1 

1495.16 

1.  '950 

2107.3 

1800 

4.10 

34.97 

27.  77 

33.4 

60.7 

1496,73 

1 .8453 

2289.3 

l«oo 

4.11 

34.97 

27.77 

33.5 

bl.O 

1498.42 

1 .8g65 

2476.4 

2000 

4.11 

34. 4H 

27.78 

32.8 

61.9 

1500.10 

1 .4482 

2668.6 

340 


«;TD  -^rATION  MUMBtK  017 
'■.EPT’^MBEP  1H»  1071  17,4 

LATIIUDE  12  3" 

I ON^ITUOF  63  no 

HLPT  ( TO  HOTTOM  2900  ** 


2 

T 

S 

SI9T 

TANOM 

SVA 

SVEL 

'^YNhGT 

TRANS 

0 

27.93 

34.  U3 

21.71 

610.8 

610.8 

1540.68 

.0000 

.0 

20 

2 7.. -38 

34.20 

21.86 

697.0 

697.8 

1541.09 

,1204 

1.2 

40 

27.61 

34.79 

22.42 

643.1 

544.7 

1541.27 

.2351 

4.6 

60 

2b , '■'•>3 

36.93 

23,66 

434.2 

436.7 

1640.77 

.3333 

10.5 

4 0 

26.29 

36.37 

24.31 

362.6 

366.9 

1638.39 

.4136 

17.9 

inn 

24.29 

36.66 

24,82 

313.6 

317.6 

1636.66 

.4hl9 

26.9 

120 

22.  ^6 

36.78 

26.49 

260.1 

264.9 

1632.16 

.6391 

37.1 

140 

2U.H6 

36.60 

25.  77 

223.6 

228.9 

1528.42 

.6875 

48.3 

16(1 

19.6b 

36.64 

26,07 

194.9 

200.8 

1626.14 

.6306 

60.5 

1 00 

18.04 

36.31 

26.28 

174,8 

181.0 

1520.92 

.6686 

73.5 

200 

lb. 23 

36,11 

26.66 

147.9 

164.4 

1616,65 

,TU22 

87.2 

220 

lb. 64 

36.16 

26.62 

161.9 

159.1 

1616.96 

.7336 

101.6 

240 

16.^2 

38.93 

26.63 

141,3 

148.8 

1613.29 

. 7643 

116.6 

260 

14. '.7 

36. 7H 

26,71 

134.6 

142.2 

1610.75 

.7934 

132.1 

200 

13.62 

36,67 

26. 7b 

129,4 

137.4 

1608.85 

,«214 

148.3 

30  0 

13.14 

36.64 

26.80 

126.6 

133.8 

1506,78 

,8486 

166.0 

340 

11.78 

36.33 

26.91 

116.8 

124.2 

1502.57 

,8908 

200.0 

360 

10.38 

36.10 

26.98 

lOfl.3 

116.9 

1498.01 

.9482 

236.9 

420 

9.  ?b 

34,96 

27.06 

101.3 

109.9 

1494,40 

,9035 

275.8 

460 

8,46 

34.86 

27.11 

96,5 

106.1 

1491,90 

1 ,0366 

316.4 

600 

7.73 

34.77 

27,16 

92.1 

IUO.8 

1489.70 

1.0777 

358. 7 

640 

b.Bb 

34.69 

27.21 

86.3 

94.7 

1486.88 

1,1168 

402.6 

680 

b , 4b 

34,68 

27.26 

81,9 

90.4 

1486.94 

1.1536 

448.0 

620 

b.24 

34.67 

27.28 

79.9 

88.7 

1486.70 

I .1046 

494.8 

660 

b.OO 

34,67 

27.31 

77.0 

66.0 

1486.39 

1 ,2245 

543.1 

700 

6.«9 

34.69 

2 7.34 

74.2 

83.6 

1485,62 

1 .2584 

692.8 

740 

6.66 

34.7? 

27.40 

69. 1 

78.7 

1485,35 

1 .2908 

643.8 

780 

6.61 

34.78 

27.46 

62.9 

72.9 

1485.52 

1 .3210 

696.0 

820 

6.34 

34.83 

27.6? 

67.2 

67.4 

1485.55 

1 . 3493 

749.4 

860 

6,22 

34,86 

27.66 

63.6 

64.1 

1485,75 

1.3756 

803.9 

ono 

6.11 

34,88 

27.69 

60.9 

61,7 

1485. 'JS 

1 .4005 

859.6 

040 

4,96 

34,90 

27.62 

47.7 

68,7 

1486.05 

1 .4246 

416.0 

98  0 

4,83 

34  .91 

27.64 

46.6 

56.7 

1486.16 

1 .4477 

473.4 

1020 

4.72 

34.93 

27.67 

42.9 

54.3 

1486.41 

1 .4608 

1031.8 

1100 

4.63 

34.94 

27.70 

40.1 

51.9 

1486,95 

1.6126 

1 151.1 

1200 

4,40 

34.96 

27.  73 

37.2 

49.8 

1488.08 

1 .6633 

1304,9 

1300 

4,09 

34.96 

27.74 

36.1 

49.3 

1489.26 

1 .6130 

1463.7 

1400 

4.24 

34.97 

27,76 

34.8 

48.9 

1490.71 

1 .6619 

1627.4 

160  0 

4.17 

34.97 

27.77 

34.1 

48,9 

1492.06 

1 .7108 

1796.1 

1600 

4.13 

34.97 

27.77 

33.7 

49.3 

1493.55 

\ . 7548 

19b9.6 

1700 

4,12 

34.97 

27.77 

33 , 6 

50.1 

1495.15 

1 ,8046 

2148.1 

1800 

4.12 

34.98 

27.78 

32.9 

50.3 

1496.82 

1.8596 

2331.6 

1900 

4.11 

34. 9M 

27.78 

32.8 

51.0 

1498.44 

1 .9101 

2620.0 

?noo 

4.11 

34. 9M 

27.78 

32.8 

51,9 

1500.10 

1 .9617 

2713.6 

341 


nTD  STftTION  niH 

SEPTr[»,HE»  1971  ?l,o  ' 

LAfTTUDL  13  0? 

IONGTTUDF:  63  01 

6LPTH  TO  bottom  167b 


7 

T 

b 

bloT 

TAMO" 

SVA 

SVEL 

’'YNhO.T 

TRANS 

fl 

27.94 

34.01 

21.69 

612.6 

612.6 

1 540.67 

.0000 

.0 

20 

27,90 

34.16 

21.81 

601.2 

602.0 

1 541.08 

.1?15 

1.2 

40 

27. ‘',3 

34.73 

22.33 

6bl . 1 

562.8 

1‘'41.47 

.2369 

4.8 

60 

26.49 

36.62 

23.17 

4 71.6 

474.1 

1540.96 

.3396 

10.6 

40 

2b, -2 

36.30 

24,1b 

377.4 

380.7 

1530.10 

.4251 

18.2 

100 

24.  ->0 

36.64 

24 . 40 

316.0 

320.0 

1636,29 

.4652 

27.4 

120 

21.69 

36.66 

9b.b8 

241.4 

246.4 

1530,34 

.6518 

37.9 

140 

19.  17 

36.62 

26.18 

184.3 

189.4 

1623.4? 

.5954 

49.4 

1 60 

17,  bb 

36.29 

26.39 

164,7 

170.2 

1619.15 

.6313 

61.6 

140 

16.12 

36.06 

26.64 

140,0 

166.7 

1514.93 

.6639 

74.6 

200 

lb.  50 

36.96 

26 . 6b 

138.7 

144.9 

1512.61 

.694(1 

88.2 

220 

14.  >4 

3‘'.86 

26.68 

137.1 

143.7 

1611.37 

. 7p?u 

102.3 

240 

13.61 

36.60 

26.76 

130.4 

137.2 

1607.44 

.7509 

1 17.1 

260 

12.63 

36.44 

26.  H6 

120.3 

127.2 

1 6f.m,3h 

. /774 

132.3 

240 

12.  5b 

36.4  7 

26.90 

116.8 

123.1 

1603.7? 

.8024 

148.1 

300 

11.43 

3'  .3  7 

26.93 

113.6 

121  .2 

160?. lb 

.8268 

164.4 

34  0 

10. '10 

36.24 

27.0? 

1 06.0 

113.0 

1 499,04 

,8740 

198.5 

340 

10.  lb 

36.13 

27.06 

102."' 

110.7 

1497.22 

.9192 

?34.3 

4?f) 

9.49 

36.04 

27.09 

98,  -5 

107.1 

1405.36 

.9627 

272.0 

460 

8.97 

34.97 

2 7.12 

96.4 

104.6 

1494.00 

1 .Ou49 

311.3 

boo 

6.33 

34. 4U 

27.16 

91.8 

101 . 1 

1M02. 14 

1 ,0461 

362.3 

b40 

7.61 

34. 79 

27.19 

88,9 

98.2 

1489,9? 

1 ,0860 

395.0 

bHO 

7.20 

34.77 

?7.23 

84.8 

94,3 

1488.96 

1 .1244 

439.2 

6?0 

6.93 

34.76 

27.26 

82.8 

92.6 

1488.52 

1.1618 

4 84.9 

660 

6,67 

34. 73 

27.27 

80.9 

90.8 

1488,12 

1 . 1985 

532.1 

700 

o.2b 

34.  70 

27.30 

77.4 

87.7 

1487,07 

1 .2343 

680.8 

740 

b.97 

34.72 

27.36 

72.9 

8 3 . U 

1 486.63 

1 .2683 

630.9 

740 

b.41 

34.76 

27.40 

68.7 

79.1 

1486.68 

1 .30P8 

682.2 

820 

b.b4 

34.77 

27.46 

64.0 

74.6 

1486.27 

1.3318 

734.9 

460 

b.4b 

34.81 

27.49 

60.0 

70.9 

1486.62 

1 .3608 

788.8 

QOn 

b.29 

34.86 

27.64 

66.2 

66,3 

1486.67 

1 .3»,8? 

843.7 

94  0 

b.  18 

34.87 

27.67 

62.4 

63.8 

1486.«1 

1,4142 

899. 8 

040 

4.99 

34.90 

27.62 

48.1 

69.6 

1486.82 

1 ,4300 

966.9 

1020 

4,43 

34.92 

27,6b 

44 . 8 

56.4 

1 486.85 

1 .4622 

1 014.9 

lino 

U r,ci 

34.94 

27.70 

40.7 

52.7 

1487,20 

l.bo57 

1133.6 

1200 

4.4U 

34.96 

27.73 

37.2 

49.8 

1 488.08 

1 .5568 

1286.8 

1300 

4.  Ml 

34.97 

27,  7b 

36.  M 

48,7 

1489.32 

1 .6060 

1 444.9 

14  00 

4.22 

34.97 

2 7.  76 

34.6 

48.6 

1890.63 

1 ,6548 

1608.0 

342 


■^TD  Sli 

(VTION  Mt.fMnPH 

nio 

8EPT'- '‘''PER  19 » 

1971 

ni. 

1 ' 

latitude 

13 

,3  3 

1 

LONG I TUDE 

62 

5^ 

1 

oEPTH 

TO  liOTTf)V| 

1165 

/ 

T 

5 

SIGT 

TAMO'* 

t) 

27.09 

34.05 

21.71 

611 

.2 

?n 

27.05 

34.12 

21.77 

604 

.9 

Ut) 

27.87 

34.64 

22.25 

558 

.8 

6H 

26.82 

35.71 

23.39 

4 49 

.7 

no 

25.00 

38.21 

24.28 

365 

.7 

100 

22.  ?4 

38.67 

25.29 

268 

.7 

120 

21.18 

36.6' 

25. 71 

228 

.7 

140 

19.  ^6 

36.46 

26.06 

195 

180 

1 7.41 

38.20 

26.35 

168 

.0 

IRO 

16.42 

38.11 

26.52 

152 

. 1 

?n() 

15. ‘'2 

35.93 

26.59 

145 

.6 

220 

14.51 

35.78 

26.88 

136 

.8 

240 

13.47 

35.57 

28.76 

129 

.8 

28(» 

12.49 

35.4? 

26.84 

122 

.0 

?4f1 

11.87 

35.33 

26.89 

117 

.2 

300 

11.32 

35.28 

26.93 

113 

.3 

340 

10.25 

35.10 

27.01 

106 

. 1 

380 

9.52 

35.00 

27.05 

101 

. y 

420 

9.18 

35.01 

27.12 

95 

.6 

480 

6.43 

34.88 

27.13 

94 

.0 

8P0 

8.11 

34.84 

27.15 

92 

.3 

540 

7.'^0 

34.81 

27.17 

90 

.1 

580 

7.49 

34. 7« 

?7.20 

88 

.0 

820 

6 . 

34.73 

27.23 

84 

.9 

860 

6.45 

34.69 

27.27 

81 

.1 

700 

6.12 

34.69 

27.31 

77 

.0 

740 

5.93 

34.70 

27.35 

73 

.9 

780 

5.77 

34.7? 

27.38 

70 

.5 

820 

5.80 

34 . 78 

27.45 

64 

.0 

860 

5.4  1 

34.8? 

27.51 

58 

.8 

900 

5.24 

34.85 

27.55 

54 

.5 

040 

5.04 

34.89 

27.60 

49 

.4 

080 

4,88 

34.92 

27.65 

45 

.4 

1020 

4, 74 

34.9  ' 

27.67 

43 

.1 

lino 

4.59 

34.94 

27.70 

4 0 

.7 

bVA 

SVEI 

nYMHGT 

TRANS 

611.2 

1540.83 

.0000 

.0 

605.8 

1541 .15 

.1?17 

1.2 

560.5 

1541,46 

.ii3P3 

4.8 

452.2 

1540.54 

.<53°8 

10.6 

368.9 

1537.56 

.4217 

18.2 

272.6 

1 532.74 

.4  859 

27.3 

233.3 

1 528.87 

.5365 

37.5 

200.9 

1524.18 

.5799 

48.7 

173.5 

1518.64 

.6173 

60.6 

158.0 

1515.91 

.6505 

73.3 

151.9 

1513.27 

.6814 

86.6 

143.3 

1510.21 

.7110 

100.6 

136.5 
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Project,  Water  Column  Sampling  Cruises  No.  9 - 12  of  the  NOAA  Ship 
FERREL,  July  - November  1974.  NOAA  DR  ERL  MESA-3. 

ABSTRACT:  During  the  period  July-November  1974,  four  oceanographic 

cruises,  denoted  9,  10,  11,  and  12,,  were  made  by  the  NOAA  Ship  Ferrel 
in  the  New  York  Bight.  The  objective  of  the  cruises  was  to  supply 
data  to  provide  a base  for  analysis  of  the  water  movements  on  the 
highly  impacted  ecosystem.  This  report  presents  the  corrected 
physical  and  chemical  data  from  these  cruises  and  describes  the 
parameters  measured,  the  measurement  methods,  and  the  corrections 
applied  to  the  data. 
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The  Effect  of  Wind  and  Surface  Currents  on  Drifters' 

A.  I).  Kiiuvan,  |k.,’  McN  vu  \,'  M.  S.  Ciiwr,*  vsn  R.  Moi.inaki’’ 

(ManusiTipt  rctriveti  15  Aukusi  !97-1.  in  revised  (nrni  9 I )oi(‘nilH.T  1974) 

AHSl'kArr 

Tho  pmlili'in  analv /cl  tuMc  is  llu'  mnlinn  c(  a ilriiur  ailcl  mi  In  wlml.  Mirlau'  am!  sulisuifaic  cuticiUs. 
From  lilt*  (Oiitliiimi  tii  siaiii  fipiilil'riuni  ol  .ill  tlrati  iorres  atliiiii  on  tin*  tlrificr.  tlic  ciictl*  t>f  ivimi  ami 
surface  curronl  of  arliiirar>  ilirct  lion  ami  nia:ani;u'it*  ami  (Irmiur  i harat  u-ristits  are  i*\aniineti  paranioirit  allv. 
Spctifit  applit'alion  is  niailr  lo  a rfccnl !>■  tlfii’lopftl  tlrifu'r  willi  9.’  and  II  S5  ni  parathnu*  droaut’S  am!  a 
windoiv  sliaili*  drtiauc.  I'lii*  taliulaiion..  show  i!ial  lor  sonic  cnvironmciiial  i omlilions  I he  dc\  laiion  liclwccn 
till*  inaanil  mil's  of  ihc  driller  veloiiiy  am!  ihe  naler  panel  veloeili  nuv  e\*  eetl  5(1'  , I urlhi  i more,  ihe 
diretlion  of  velmiii  ve'  tors  nia>  iliifer  hv  as  nun  h as  45^  Driller  data  limn  an  espermieni  toiidmlctl  In* 
the  .Vtlanlie  Oteaiioaraphii  and  Meleorolmait  al  I.alioiaimies  and  (he  NO  \ \ Data  Iluo>  Olliie  in  ihe  (lulf 
of  Mevieo  Loop  (.'urn  ill  are  exaiiiined  in  ii*aht  of  the  ilieoreliial  results.  The  wiml  elfeil.  prediueil  In  the 
llieori'  were  ohserieii  in  ihe  fjihl.  rinis  nimi  lorreelions  to  the  ilrilli  r velmits  irtmils  nliith  are  based  on 
the  theory  can  sijtiiitieamly  iin|inne  the  velm  ity  reeoMs. 


1.  Introduction 

I’rdimititm  ))!aiis  for  ihe  First  (i.\KI’  (dolml  i.\- 
periineiu  (FCiOF.)  call  lor  ;t  lai'ke  luimlKr  of  free 
drlfiiiia  )i|;itf*inns  ohseryinn  oceanic  and  .itinosiiheric 
coiudilM/is.  J he  dal.i  urn.'.VI  Ire  collfclnl  )u'  a Jv.inflon) 
.*\cccss  Measiireir.ein  Stslcni  (R.V.MS)  ahoard  iho 
TIROS  \ sa'eilil*.'.  '.Uci'-tise  of  the  laroe  deiilo>niOiU 
this  coniiioneiu  o!  I'OtiF  has  great  |Kitentiai  for 
stiidvinp  horizontal  scales  of  ocean  d\  naniics  provided 
these  vel  idts  lan  he  eiYmtively  attached  to  reirre- 
sentativc  water  panels  In*  drogues. 

Heeatise  of  ihe  need  for  an  antenna,  there  must  he 
a surface  buo\*.  Tliis,  however,  introduces  some  serious 
technieal  |)rolrlcms.  ,\rcileralions  on  ihe  buoy  due  to 
w.ivis,  wind,  and  verlical  shcais  belwn-n  ihe  buoy 
and  drog'.ie  are  dillerint  lii.in  those  on  the  water  parcel. 
In  additi.m,  tlu*  drocue  ma\  li*ihtail  ;ind  Lite.  I uless 
accounleil  for  all  of  these  factors  tan  lead  to  serious 
errors  in  interpretation  of  observations  of  drifter 
motioa. 

This  report  is  reslricted  to  one  of  the  above  (pies 
tions;  n.imele,  how  much  can  wind  and  surface  drag 
alTect  a drifter  seetem  composed  of  a surface  Inioy 
with  anlenna  and  an  attached  drogue.  Our  results  are* 

' Dcilieiiteil  til  \V.  Kil hariPmi  .iml  \V.  Hill  ami  the  ircw  iif  llu 
k.  V.  Ciili’s'rt :im,  lost  .11  se.i  1 Jamiare  1975. 

* Dcparlim'iit  of  Oeeanopraphy,  Fevas  .\A:M  ITieersity, 
College  Sialinii  77.sf.t 

' S ripps  liminuiiun  of  O.  ■ aii''er.i|ihy.  I.ajoli.n,  Calif.  9J().t7 

(\.ic.il  .ship  Systeai.i  Kewirih  uiul  Devclupmer.l  Ceiiier, 
Carderoek.  Mil. 

’ .Vl'inlit ' li  earngraphie  iV  Meteorologiea!  l.almraioiies,  .NelA.V 
Miimi,  Ida.  .53149. 


preliminary  and  apply  lo  a simplilied  situation,  yet 
ihev  do  provide  some  ipi.inlilalive  de'sign  crileria. 
If  I’tif  il'i  tlriflers  are  lo  be  utilized  for  studeing  ocean 
currents,  this  stude  must  be  followed  U])  by  more 
delailed  theoretical  analysis  and  held  tests  of  all  of 
the  technical  ]'ioblems  mentioneei  above. 

2.  Formulation  cf  problem 

The  following  assumptions  are  made  in  this  analysis: 

(i)  The  wind,  surface  and  subsurface  currents  are 
slea'Iv. 

(ii)  The  “r-”  drag  law  with  a constant  drag  coefli- 
cient  applies. 

liii)  Dr.ig  on  ihe  cable  connecting  the  drag  bod\ 
al  dejith  c lo  llu*  surface  vehicle  is  neglecte'd.  Thus  our 
resiil.-  apply  mile  to  drifters  drogued  lo  shallow 
de()lhs.  Beyond  ,500  m the  drag  on  the  cable  may  well 
be  ihe  most  signilicanl  elTecl. 

l*'rom  assumptions  (i)  and  (iii)  the  equations  of 
motion  fur  the  drifter  sy  stem  redine  lo 

F,+  F.+  F„-0.  (1) 

In  order,  these  terms  are  the  drag  acting  at  depth  : 
on  the  drogue,  ll)e*  surface  curren!  drag  acting  on  the 
yvetted  portion  of  the  surface  vehicle,  and  the  yvind 
drag  eyerted  on  the  (irv  portion,  .\ssumption  (ii) 
assiils  that  each  of  the  dr.ig  forces  is  given  by 

F.=*p,C„..l.,V.-Vl(V,-V),  (2) 

where  p,  is  the  fluid  density  (air  and  yvatcr)  enveln))ing 
the  ilh  compontnt  of  the  drifter  system,  Ci>,  the  drag 
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I'li;.  I.  The  elTitl  of  v\irnf  oo  a No\a  tirillir  droii'ied  v\iili  a 9.2  m )taradui(c 
at  the  siirfai  e.  The  loiii*^  for  I he  drifter  vel.'v  i:_\  for  a irtven  wind  maijnilu  le  occurs 
on  the  apiiropiiale  circle 


coclVicicnt  lor  the  ith  com|«un'nt,  .1.  the  area  of  the 
ith  conipoiHiit  as  seen  h>  the  I'liiiil  sireaniiiio  past  it, 
V,  itic  veloiity  of  the  thiid  at  the  fth  ji.irl  of  flic 
stslcni  \\it)i  .V  anti  y eoni|)onents  f ',  and  1’,,  and 
V the  velocil)'  of  the  driflei  system  whose  components 
are  I ' and  1'. 

Inserting  (2)  into  (1)  we  olttain 

PiCdm  1 1.  ^ f — ^ I V)+p,(  o,.  1 ,|  V ,— \ I (V , — \ ) 

Hp.Cnc.laV„-Vl(V„-V)  = 0.  (.?) 

The  efTeet  of  the  wind  .md  surface  curreit  ean  be 
investigated  with  (3)  by  regarding  V„  and  V,  as 
parameters  of  a solution  for  V.  Tho  othei  quantities 
p,,  Cr>,  atid  .1,  are  known  u priori.  Note  ll.e  formal 
similarit)  of  this  prolilem  with  the  lhi<  r\  of  the 
statics  of  siruciures.  In  the  iaiier  ease  the  condition 
of  equilibrium  of  forces  Jirovitles  a svstem  of  etjua- 
tion.s  which  is  solved  for  the  displacement  vector  in 
terms  of  prestribetl  loailing.s.  In  our  c.ise  the  cqui 
librium  of  forces  determines  the  velocity. 

The  inversion  of  (.t)  for  V is  re.idily  accomplished 
numerically  once  V and  have  been  . pecitied. 
We  found  a siti'ple  inter.it ion  technique  usino  com- 
[ilev  arithmetic  to  be  very  ellicient  for  the  parameter 
ranges  of  inleiest. 

•An  important  speci.il  case  is  when  the  drifter  is 
drogued  .at  lh<’  sioface.  In  litis  case  {,?)  can  be  in- 
verted analv  tiealic  to  obtain 

V=(V.+  /vlV„),'(l-f/c-l),  (4) 

where 

A'=p„r„,,.i,/(p,ro..i.). 

Tims  for  a wind  of  magnitude  of  'V,'  but  of  arbiliarv' 
direction  the  system  vel  tcity  is  given  hy  a circle 
centered  at  V,/()-fA'')  with  a radius  of  A’*'A'u'/ 


tl  j- A ').  The  (cnier  of  the  circle  is  the  svstem  veloi  ity 
for  no  wind. 

Kq.  (4)  indicalc-s  that  the  relative  veloeilv  error, 
(V— V ),  depends  ii|)on  the  magnitude  (and  not  the 
magnitude  squ.iredi  of  the  :iir  velo.'ity  even  though 
the  r-  dr.ig  lew  is  apjilied.  4 he  elTei  t of  the  ini  re.ised. 
drag  when  the  wind  is  increased  is  ecmipcnsated  b\ 
.an  incTc'ase  in  the  drnn  at  the  ocean  stTlai  e. 

Calctilatiims  are  iterformcd  for  a drifter  developed 
at  Nova  I niversity,  I'ort  Lauderdale,  Fla.,  for  the 
NOA.\  iJaia  Buoy  Othee  (NT'thi  )|,  This  drifter  h.as 
been  proposed  as  the  surface  platform  for  many  of 
the  F'Cit’iK  e\pcrimems. 

l ig.  1 shows  tile  elTect  of  wind  of  various  mag 
nitudes  and  arbitrary  directions  on  the  Xova  I’ni 
vcisity  drifter  with  a ‘’.2  m par.ichutc  drogue  at  the 
surface.  (In  this  case  .1,  and  C'o,  for  the  drifter  are 
elfectivelv  that  of  the  ‘1.2  m parachute;  see  'Fable  l.'i 
The  coordinate  sc  stem  is  oriented  in  the  direction  of 
th.  surface  current.  .Mso  the  calculations  have  been 
norm;di/cd  b\-  the  current  maL'nilude.  This  gr.iph 
demoiistrales  that  the  percentage  error, 

[IV-V.l,  |V  ]xitr. 

between  the  drifter  velocity  and  the  surface  current 
may  be  of  tlie  order  of  5(t‘/p  for  a wind  speed  2(i0 
linns  greater  iban  llie  surface  current.  Note  also  that 
tile  drifter  velocity  ccctor  ma.v  deviate  as  mueli  as 
do”  from  the  suri.icc'  current  vector. 

I'or  high  wind:,  the  |)erccnt  error  is  api>ro\imalely 

[A‘,  l'..l/iri(H  Ai)]Xl(V. 

Thus  for  a wind  of  magnitude  200  tiiues  the  surfaci- 
current  the  jiercenlage  erroi-  is  reduced  to  onl.v  4.s^J 
L\  tbanging  from  a ‘2.2  to  an  ll.S.s  ni  parachute.  On 
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\.  Ilydrvxlynaniic  ehar.icteristics  i f 
Drifter  and  <lr**i  av'. 

I'liiversit) 

I hifu  r 

dtfS=5. 76<iO  ‘ niv  t 

.l.=  2<>7.>\10  ‘ ni*.  ( r,.=s  1 

1.2 

> 

Drogues 

1 1 .S.S  m 

9.2  m pararliuie  pararluilc 

W indow  s*ha<le 

-D 

ClK- 

.S.T’.tVIO  IV,:  0 .t4Ss;10ru 

1 .t.s  1 .i.s 

2.7^ 

C/Xlt'  lie 

till’  othir  luiiid,  if  tin-  driftrr  it>  dronui’,  .1,  ;ind 
C lu  boiomc  tli.ll  i>f  tiu-  lniii>  (.■-re  T.djk’  1).  I lie 
|)crn'nt.i"i‘  t-rror  tlun  fvrfds  lOti'  [ for  a wiiul  spfi-il 
of  onl\  50  lip.Rs  till  surf.Ki-  lurniil. 

3.  Three-drag  body  problem 

W lun  the  drifter  is  drogiied  at  deptli  c,  there  are 
three  drag  boilies  to  eoiisider  and  it  is  neeeS'arr  to 
invert  (3)  luinurically.  Some  eeanipies  of  these  eal- 
eiil.itions  are  gi\  eii  in  I'igs.  2 4. 

These  ealculations  .ire  most  eon\ i iiieotlv  depicted 
in  a coordinate  s\slem  orientrd  in  the  direitioli  ol 
the  s’.ilisiirf.iee  current  V...  Also,  the  magnitiule  of 
this  earieiit  is  li\ed  at  m.it  v . 

The  inputs  for  tlie  calcul.ilion  are  the  areas  an.l 
rlr.ig  coellicienls  for  the  three  lir.ig  bo.lies  (Table  1) 
and  tile  in.ignitiuUs  .if  the  surface  current  and  wind 
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0 00  0 50  1 00  1.50  2.00 

K-VCLOC  !Y 

t 

I u;.  sV  'Hu*  i‘lTc<  l {-l'  wind  \\iih  a constant  surfa<c  currrtil 
nu;:nitiMli*  on  a Nova  drifter  tlui^m-d  .it  s*)me  sul.suifacc  dt|nh 
l)\  a ‘>2  in  paiaduito  riic  101115  lor  tne  drifter  wloviiv  f(»r  a 
piven  wind  Sjucd  ouur>  wiilnn  the  indicated  endosevi  region. 

viv'ior  rci.iiivc-  lo  V.  . I'ho  calcnhition  is  .started 
with  ilu-  wn.l  and  surface  current  ai:*;ne(l  in  the 
direction  of  the  subsuila.ve  (tirreni.  T!.e  numerical 
inver>»un  of  ('i  for  the  driller  velocil),  is  then 
re.idilx  ac c '»:uj dishi d.  'I'he  \Mnd  direction  is  varied 
in  MV'  iruic:nents  tor  .^(>0’’  with  the  solution  for  V 
being,  performe<l  at  each  iiuvemenl.  d hen  the  surface 


» *'0  0 so  1.00  1.50  2.00 


X-VCLOCi'Y 

I 'fi.  2.  1 he  r’ieu  i»f  surface  current  with  a CtinsiaiU  wind 
nnpnitihli  on  a \o\,i  drifter  droiincd  at  ‘•ome  suh-urf.ue  depth 
I'v  a 2 01  par.u  Imt  e I lie  l«  *.  ns  f«>r  l iie  <hift  v r elot  it  v f>*r  a vc  ti 
xurfave  turietit  niairnitnde  oviur>  v.ithiti  ilie  imlualed  eiulo-.ed 
region. 
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x'li.r  llwlrixlx 

•i.itaif  1 •.»  ri  \ 

( ' of  >ii  (1 

nirrf'i  >uu' 

> 

1 niliir 

no.  I'y  (H‘ 

.1  In, ) 

1 1 1 

l'\  hi''lt  r* 

Pararhulf 

y.T.s.sxln  ‘ 

S'l.tS  -.111 

3 2 

l'\  lilU.'tT 

< lihtli-r 

10 

1 !43  ■ U) 

4 3 

(’\  iimlvr 

t \ I'l-der 

3 ,S.SI  s to 

1(1 

Uicuii^ular  |h»Ic 
4.297.10  > 

5 4 

( \ I'nMtT 

('vlieclLr 

3 .MSI  X 10 

10 

V:ui«- 
4 2oJX  10 

• Cii  lor  cylmdi'r  i'.  1 


fliiTfiil  is  iliiinoi'd  l>  M>°  iiunnuni-i  for  I’or 

I'acli  iii<  rcnti  i'i  of  nirrinl,  ilu-  oini!  dim  lion 

is  varied  d()0°  as  ticfiire.  I'liis  proiidiin-  jnoi'iiirs  .111 
('nviiipe  amlainini;  M Mil  itionj,  for  lIu-  dnfier  \iloiii\ 
for  I'aidi  si  l of  jiavaim  U rs. 

l ij.'.  2 shows  llu  rlin,  of  surfaa  (urniil  niri^'iiiuidi 
with  a conslaii'  wind  s|ki(!  on  tin-  drifier  vrlocitv 
for  a Nova  I'niviTsiiy  dnfur  w’th  a ’>.2  ni  jiararhutc 
riropuc.  I roin  this  we  see  liial  if  die  wiii<l  and  s'lil.ice 
aiirenl  are  opposed  to  ilu  Mil.s'irfaee  uirreiil,  llu 
driller  veloeily  eould  deviali  1a  im>ie  ilian  sU'd  in 
the  case  of  a surfaie  speed  ii\e  limes  tile  siihsiirfai e 


sp.eed.  ruder  ihe  same  comlilions.  e\cept  llial  llie 
wind  aiul  >iirfae<'  (iirr<lil  are  aliened  will)  llie  - di 
si  tiaee  iiiiienl,  die  ]ui\eniai;i  error  is  4>|  ihe  oro.  1 
of  i or  ..  slu ar  ratio  o|  l.a  lo  1,  die  veloiiii 

eliors  mae  still  Ik  :'l  e\ees>  of  2^  ( . 

rile  ris'alls  of  laleulalioiis  es.imiiiiii!;  the  i I'lei  I i f 
wind  iiiattninaie  with  a conslaiil  surface  eiirriiil  in  ea 
idtiide  mi  the  drilUr  veloeif,  are  shown  in  I'i;;.  a. 
\s  liefore.  the  caleiilatiolis  appl>  to  the  .Vova  ( iii- 
ver'ii  e diifler  with  a '>.2  I'l  parachvne  drottiic.  l ot 
the  tilosl  slriiioenl  eaie  Ci'i'si'lerid,  tile  \el  Kite  err-ir 
is  of  the  oriler  of  Moreoeer,  the  ilirection  m 

motion  of  the  diillet  in  lliis  ease  can  be  iie  lined  ’ 
to  dial  of  die  siibsi:rfaie  carrellt. 

The  ilTtel  of  van  iiii:  the  diojni;'  t.'pi  while  holdiii" 
the  wind  and  inrreilt  iiMyiiiitide  fixed  is  shown  in 
1 iu’-  h I he  calciil  idoiis  were  p'  rforiiietl  for  the  .Vriva 
I'liiversi'',  ilrifter  with  a wiiivhjw  shade  <liof;iie,  a ‘>.2  ri 
par.iclmle  dr '"iie.  and  an  ll.S.Sni  jiaracluite  drotnn . 
It  is  .seen  fri/iii  this  lhal  the  window  shade  with  a 
I loss  sectioiia!  area  of  emly  2d.d  nr  is  not  as  ctTicieiil 
tis  a drat;  bod>  as  ciiher  of  the  parachute  droyues. 
In  fact,  it  alone  can  c.iiise  an  incremental  increase  ol 
ox  er  Id' r in  the  error  in  the*  velocity  measurenu  nt 
when  (ompared  with  nic.isureiiicnis  from  the  lare'e 
paraelnile  xlniHUe. 


ao’-f- 

P8’10’ 


Kio.  5.  Tr.ijct  lories  f«ir  comp.xn'soii  n st  ie  fiulf  of  ^Ie\'o/.  The  llmx*  rlil'iereiK  Uv'S 
are  imlii.ilc‘1  l»y  Koni.cn  iienier.ils. 
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•1.  Expcriineninl  I’.ata 

Ail  iA[KTiMu  ii(  (h.c;  ^lK'<ls  on  l)ii  iiiiliH 

of  ihi  ;iiul\ lii  i!  ri->ihs  w.is  ui'.uIlh  ud 

In-  :lu  .\ll.'i)!K  I »n  .11:1 ‘.'i.iphii-  .iiic!  M>  U-. ,il 
l.:.l)iir.iU)i iis  ^.vOMly)  ! ir  \l>li().  Ilu  iiiiKiiiM.-  i,t 
this  sli'dv  Ui  lo.ihi.'U-  du  iiTni  li  .Miid  .ind 
surfiKi- inrnnt  im  lnsl^^  li\  i'iiu|i.irini; 

tluir  drill  ti.  thi.-  drill  >1  ;i  '•r.i'ilir.ilinir'  drilUr.  1 lie 
t'\|H  riMUiil  w.-.s  o>mliiili-il  in  the  e.i>U  rii  tiiill  ol 
Mexico  l.ooj)  t'lirriiii.  I lx  diodx  n iinic  d.a.i  (or  ihe 
drillers  used  in  (his  ex|)eriiuent  .ire  tri'en  in  l .ilih  2. 

Tile  ii.i'.  lo.-doniil  ;i".il  iKi-itioniii};  t,i]i;iliil!l  \ ol  the 


trinhin^  ship  (K  \ Vir^ii/hi  K.v)  alon"  with  tlie 
r.i|)id  di'|iersioii  ol  ilie  drillers  ni.ide  it  i.eiessarx'  to 
sinootii  the  li.df  hoiirli  [msil i.oiis.  .'•in i e.^sive  i;rou| >s  ill 
1.'  Ii'.es  (oh)  Were  ri'ioothed.  Iix  litliiii;  'eeondtii  jree 
polx  iioir.ial  tukti  i.ts  to  lIu  l.ililtn.'e  x-'  tinte  and  Ion 
ititndexs-iin'.e  xaliies.  Coordinat-,-  speeds  wire  cal- 
i i’/.ited  In  ilitUivnli.i'.inf;  ihc-c  liimlion-.  I'inally,  the 
xeloiiix  and  po>iiion  reconls  were  siiioo'.lied  hy  a 
three  point  rtninini^  axer.ifie  to  ohiain  hoiirlx  readings. 
The  raw  winil  d.ita  obsirxed  on  the  Virginia  Kry 
were  rerliiced  in  a .siiniiar  manner. 

The  hti"hl  that  the  wind  ohserxat iims  were  made 


X- IMST.lNCt; 
J9C1  « 


r.vf  ’ix'E 


I'le..  <1.  d'r.iiei  lories,  (iirrent-  and  wind  records  for  ley  I.  Tlic  top  panel  shows 
lr.x/i*e lories  of  ih.-  (i\t-  drillers  The  hiilioin  p.i.iels  show  ihe  ine.isuicd  lurrenl  eoni- 
poeenls  as  we'!  as  the  uimi't  i omi«inenl-  o-rrei  ted  in  aceordame  with  (4i.  Also 
shown  arc  ihe  lonijs'iienis  o'  itie  wind, 
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I IG.  7.  As  in  1 ij;.  6 i\-  I'lil  for  Ic);  1. 


iliffiTcl  l>>'  nlioiii  5 111  irmii  Iho  lui"tii  <if  itic  Iniois. 
Assiiiiiiiii,'  (I  loi'.irii liniii  wli'^ity  iirolik-  oiiv  liii  is  \li:ii 
llu'  vclmili  ;il  tlir  l)iio\'  is  williin  ‘Xl^r  of  (lull  oli- 
scrvrri.  Hicaiisc  tile  I irtiiiiiii  Kry  fmjiirm K was 
10  2n  kin  fiom  soiiu-  <>f  I'm-  ilvifurs  ami  Ima'isc  tlw 
lof^aiiihniir  proiili-  iridiciitd  smli  a siiiall  liiiiiuim-, 
\vi’  I’li’ftid  mil  lo  make  a lieiglil  eorreclioii  lo  the 
wind  n eon  Is. 

l ift.  5 (tiles  the  smoollud  trajectories  deleniiined 
from  the  .malisis.  'I  he  r.'.|>iil  separation  of  the  drocued 
and  noil  (ire"ued  drifters  is  eiideiit  in  this  liitiire.  .As 
cxlKCted.  tile  min  droinied  diifurs  had  a larger  down- 
wind displ.ii enii tu  than  did  the  droitued  drifters.  I he 
scpar.ition  heliieen  the  two  drott'ied  driftirs  ai-o  i.iries 
but  to  a lesser  decree.  Tlu  eaii.se  of  tlii.s  s.  jjaration 
roiild  lie  due  to  small  seale  dilfusive  processes,  hori- 
zontal inhoinoor  tieili  of  tlu  iiirreius  (di.-,cii"id  below), 
or  the  result  of  the  dinamics  of  tiirnim;  nirreiits 
(Chew, 


I^rifter  type  I has  been  used  be  ,\()MI.  in  a nunibei 
of  (irevious  eiperinu'iils.  Here  thi'  tijie  teas  drooued 
at  ,<0  111  by  a 11. 85  in  ii.vracliute  while  the  other  lyjxs 
were  not  (ho(;ued.  I'liis  dispariti  in  coilplin;;  depths 
leipiin-d  ..  speei.il  .issuniplion  for  .'I'alisis  of  the  d.it.i, 
n.iiiieli,  that  there  was  no  virticid  current  she.ir  be 
tween  the  surf.ice  ,ind  .lU  m. 

N'o'e  from  Taljh'  2 that  the  t\]ic  1 drifters  haie 
.a  niuili  .smaller  K tliaii  iheotliei  tipis.  I'or  the  vind 
speeds  encountered  in  this  esperiiiieiit , the  iiiaxiiiunii 
wind  el'feet  for  tipe  I,  as  couipuie-d  from  (-1),  was 
only  -IV<  "f  tbe  drifte;  viloeiu.  Thus  the  velociii 
records  tor  t>)>e  1 are  lee’.irdid  as  the  "true"  suri.iee 
eurrenl.  I'or  e.icii  of  tiie  other  drifters  listed  in  Table  2, 
a surf.iec  current  is  also  eonipiili-d- from  (11. 

riiese  eompiiitd  surfate  currents  are  ediii[).ire'd  to 
the  observeel  currents  in  hips.  (>,  / ami  8.  llowiistreitni 
and  cross  stream  current  components  are  relative  to 
the  direetton  of  the  elroptied  drifters  for  that  particul.ir 


353 


Ai'RiL  1975 


KIKWAN,  McNAl.  I.  5,  CllANC,  AND  MUl.lNAKI 


367 


F 


trajectory  interval.  Tlius  for  le"  1 tlie  downstream 
direction  is  X -S  while  lor  le^s  2 and  .1,  it  is  1.  N\  . 

These  liunres  show  that  the  correi  ted  cro-s-stream 
spec. I records  are  ver\  simil.ir  for  all  of  the  d!iftir>. 
This  is  true  even  though  the  uncorrected  cross-stream 
s])eeds  of  drifter  4 durini;  lees  1 ami  2 are  in  some 
cases  a factor  of  2 ereater  than  the  velocities  of 
drifter  1.  .After  correction  the  speeds  are  within  l.s^f 
over  most  of  the  trajectories.  Drifter  4 was  droRued 
durinp  leg  3,  and  Fig.  7 indicates  that  the  ell’ect  of 
wind  on  this  drifter  is  greatly  reduced  as  it  tracks 
closely  with  the  other  drogued  drifters. 

The  wind  correction  for  th.e  downstream  com- 
ponents increases  the  velocite  dilference  between 
drifters  for  le-gs  1 and  2.  However,  for  all  legs  this 
was  the  weakest  wind  component.  \ ertical  and  hori- 
zontal shears  in  the  intense  Loop  Current,  rather  than 
the  wind,  probable  were  the  most  dominant  causes 
of  the  deviation  of  the  velocity  records.  It  was  not 
po.ssible  to  make  a quantitative  correction  for  this 
effect.  However,  a qualitative  assessment  shows  that 
a horizontal  shear  correction  would  reduce  the  error. 


5.  Discussion 

1)  The  theoretical  calculations  show  that  steadv 
■.vind.<  atid  stirf.iie  lurreiils  lait  •.iibsianliallx  bi.is 
veloiily  records  olu, mud  fro'in  diiltcr  trajictoiies.  I'he 
magtiitudes  of  'he  parcel  ami  drifter  ve'ocities  can 
dilier  b\  7.S'7  .md  the  direction  by  4,s‘if  when  there 
is  a 2tXl  to  1 ratio  of  wind  spied  to  parcel  velocitc. 

The  thcsrreiical  results  are  substantiated  be  the  held 
tests  even  though  different  drifters  and  A’s  were  used 
in  the  l.rtter.  1 tnring  leg  1 it  is  seen  that 
[' Vl  (1-fA  ■)]  for  the  field  tests  was  the  same  as  that 
used  in  the  caiciil.itions  which  jrroduced  the  errors 
indicated  above. 

2)  The  calciilali'ins  also  showed  that  the  elTect  on 
a drifter  of  wind  a'ul  or  surface  currents  deitended 
upon  direction.  For  a li\ed  magnitude  the  jiercent 
velocitv  error  was  laiger  wheti  the  surface  current 
anel  'or  wind  o])])osi'd  the  subsurface  current.  The 
reason  for  this  is  that  in  ojrpo.sed  cases  the  relative 
velocity  past  the  drifter  sxstem  is  greatest.  Thvis  the 
drag  is  greater. 


X-DISUNCE  (KV.) 

540  ^<6-^  ^e0  f-CO  6>C' 


TIME 


J4/I930  I5.'033C  iV'ijo  l5/i9>9 


Ul  i/> 


T.WE 


14/1930  t‘jr.33Ci  «t.,H3''  IV930 


Ijc.  8.  As  in  l ig.  6 C'  cept  for  leg  i. 
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A!'ii,  I’l-r  liil'u'  .1  ruri’.'.ii  >iirri.ii  ir  \'i:u!  I.i.'i'i-  ”i;li 
i 111  vl'.i-  i’.  '.Ill  '.lu-i-n  iK'-.l  .ijiiiru.u  li'-i 

llu-  1 1>  "-l.il  il  l i .1  H-. 

’llu-  i-\|H  ri!'i’.i-!’K.;  il.r.i  .iliDA  l'’.;il  I'Mii  I'l-r  l.ir-.'i.- 
ililii  ri-iH'i.-s  in  ;i,rnl  -'!nl  iliif'.ir  ii-i-irilir-.,  winil  n-;-- 
ri-eli'ins  Iki-uI  in-  i-l  i i.iii  ivi|i...\i-  llu-  ri  .'iill'. 

4)  'I'iu-  i-\pi-rinu-nl,il  il.:!;i  .iN"  'lannn- 1 i.ili-  tlijl 
wht-rc  llu-ri-  an.-  Iar;.'i.-  iuTi.-.iini -.!  w-imlix  pr  iilit-iil:i, 
anollu-r  cHi.-i.-t  is  -.'1  .-crv  cil.  \ir\  s:-iall  uinil  can 
move  the  (iiiflci  into  a <-oni|)li. lc!\  liiii'L-icni  ann-i-.i 
rcpinic.  'I’liis  hori/.nni.u  ilnar  clii-.l  cliUanccs  tit--  t-,ii'- 
biilcni  tiisjK fsivc  pr.Hcs-cs. 

The  se|ur.itiiin  ot  tin  ihil'lers  diiriiu;  lea  ' (l  ip.  ii' 
evenipliiles  this  t>pe  of  eh.-it.  Here  tile  nnrtln-.-.iiii 
motion  III  iln'ti-r  2 ri,i.-.ti\e  to  1 imheates  that  tiie 
curn-nl  ;;\is  is  to  the  I'esl.  Thus  the  east  \.iiui  i-om- 
poneiit  tans'.-il  the  non  ihoeni-.-'l  -iriiters  to  inioe  t"-iVar-l 
the  ;!\is.  .-Mtiio-auh  the  east  west  .se|)a!aiion  of  I'ne 
dro".ieet  and  ni'ii-droaued  diit'.ers  is  a Itiiiiiion  of 
wind-indi!i-ed  moiioii,  the  i-ori h-sout!i  .s-.p.i ration  i.s 
catisi.-d  1)\  this  horizontal  etirn  ni  sh'-ar. 

lu’ta'jse  of  this  last  type  of  elTut,  it  is  virlti.tlis 
imporfihle  to  eorreet  a trajeitory  to  obtain  tin  triii- 
path  of  the  water  parcel  originally  tapped.  l-'.e|.  (4) 
rc’qnires  as  itiptil  the  obs'.-rwd  drifter  velocits  and 


wind  .S)iied  III  oii;.-iin  tin-  i ..iT-.-eted  sp  id.  .\:lii-  liu 
lirsi  linn-  -tili  the  n'oservid  \i!".i:\  at  the  •i...- 
n-i  till''  posiii.io  i-  I’-it  hno-.' 1-.,  and  j e.i ' i.  niani  in  ti.i 
i.-.si- oi  larei-  shi.irs,  the  task  of  i ■ I inn:;  inp  ;his  veh  n d i 
is  n.oi  trii  i.il.  In  i "i-iu  e.  a drh'ier  intepriti  - iis  in 
stant.in-.-oiis  -i  i-loi  ii\  In  otnain  it'  tr.iji-i  im  \ . I'hn.s 
viloeiti  iirin  aeininnlate  in  the  Irajeitori'. 

. Ii  ■.'i-..oo)n-i;/i.  This  nseanh  .eas  partially  suii 
pi'llid  ill  lla-Olliieof  Inti  rn.ilii  -la!  I )i-c.ale  of  l H e.it. 
I .sploi  aiion  of  the  .N'atii'ind  Si  iiiii  e l iunidat  mn  and 
b>  the  (iie.in  Si'ii-iii  e I 'i\  ision  of  i he  ( lli'ii.e  of  .\a\al 
l\i-s(-.;ri  h.  riu  e\perinu-nt..l  i'or:i--n  of  the  ri-seau  h 
w.is  s-jppnrud  In  the  ,\l  l.\.\  ll.ita  Hnos-  (lll'ee.  i'he 
assislaiUi  of  .Mr.  \..  Kerut  in  coii. ■n,  ; inp  thi  i-'jn.iii 
nu-nt  i.-.  prati-fi.iili  aekn.i  m Ldped.  The  .sui  eess  of  iln- 
I'perin  eni  was  due  iirini  ip.dii  to  the  efforts  of 
Captain  ti.  liood  and  l irst  Mate  t . .Morrissi.\  of 
the  K \ r/( A'ev.  l-'in  dli',  v.--  are  di-i-pK  in 
deb.'-d  to  W . Kiehardson  of  ,\ova  I'niversity  for  con- 
st ruclive  eritieism. 

Ki;i'i;Ki:.\'t'i-; 

chew,  I-'.  1971;  The  rarninp  prnitss  i”  mi-.iiuleiiiip  currtin.s.  \ 
lase  sunlv.  .1 . I'li  r Oiti.-ii.'.r  I.  ,'7. 
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Deep  sea  circulation  in  the  eastern  Gulf  of 
Mexico  is  dominated  by  the  Gulf  Loop  Cur- 
rent. This  strongly  baroclin  c flow  enters  the 
Gulf  through  the  Yucatan  Strait.  It  can  pene- 
trate into  the  basin  as  far  north  as  the  Mis- 
sissippi Delta  in  summer.  In  early  winter  the 
flow  tends  to  be  from  Yucatan  almost  di- 
rectly to  the  west  Florida  Platform  where  it 
is  known  as  the  Florida  Current.  In  its  annual 
cycle  of  growth,  eddy  separation,  and  decay, 
the  current  interacts  with  the  waters  of  the 
west  Florida  Shelf.  Mesoscale  eddies  (20  km 
diameter)  are  known  to  detach  from  the  cur- 
rent and  drift  onto  the  shelf.  These  eddies 
bring  Gulf  Loop  Current  water  onto  the 
shelf,  and  cire  capable  of  mixing  the  local 
Florida  Shelf  interacting  with  the  Gulf  Loop 
Cunent  to  cause  a net  southward  drift  along 
the  shelf  break.  This  averaged  description  is 
irregularly  interrupted  by  local  wind  condi- 
tions, presence  of  the  offshore  current,  and 
by  tidal  effects  which  dominate  inlet  zones. 

Water  from  the  west  Florida  Shelf  is  trans- 
ported to  the  Keys  where  entrainment  by  the 
Florida  Current  carries  it  to  the  east  coast 
and  beyond.  In  summer,  this  water  may  find 
its  way  to  the  western  Gulf  of  Mexico  as  an 
alongshore  westerly  drift  west  of  the  Mis- 
sissippi Delta.  This  exported  water  must  be 


waters  to  the  bottom.  Interaction  with  the 
shelf  waters  at  the  shelf  break  is  very  strong 
and  the  Gulf  Loop  Current’s  behavior  and 
presence  is  the  offshore  boundary  condition 
for  the  shelf  circulation. 

In  shallow  waters  away  from  tidal  inlets, 
the  wind  dictates  the  current  regime.  High 
frequency  (daily)  winds  drive  the  water  in  the 
upper  layers  in  the  direction  of  the  wind. 
During  periods  of  la.id  breeze-sea  breeze,  the 
circulation  is  dominated  by  high  variability  in 
direction  and  speed.  UTien  the  southeast 
trades  are  more  constant,  such  as  in  summer, 
the  flow  is  alongshore  to  the  north  from 
Cape  Sable  to  Tarpon  Springs.  This  produces 
a time-averaged  cyclonic  eddy  on  the  west 
replaced  by  offshore  water  or  upwelled  water. 
In  either  case,  foreign  materials  are  intro- 
duced to  the  shelf  by  the  action  of  mean 
wind  stress  and/or  offshore  currents,  and  up- 
welling  along  the  shelf  break.  Summer  stratifi- 
cation is  strongly  vertical  whereas  in  the 
winter,  near  the  coast,  the  stratification  is 
horizontal.  Summer  conditions  inhibit  vertical 
mixing  and  Gulf  Loop  Current  water  can  be 
seen  to  penetrate  along  the  bottom  onto  the 
shelf  into  depths  of  30  meters  or  less.  Winter 
mixing  exchanges  estuarine  water  offshore  to 
distances  of  at  least  10  km. 
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search Laboratories,  or  to  this  publication 
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AN  EVALUATION  OF  THE  USE  OF  THE  EARTH  RESOURCES  TECHNOLOGY 
SATELLITE  FOR  OBSERVING  OCEAN  CURRENT  BOUNDARIES 
IN  THE  GULF  STREAM  SYSTEM 

George  A.  Maul 


ABSTRACT 

Remote  sensing  of  ocean  color  to  locate  current  boundaries  has  been 
tested  in  the  eastern  Gulf  of  Mexico.  Infrared  techniques  fall  there  for 
several  months  of  the  year  because  surface  thermal  signatures  are  destroyed 
by  summer  insolation.  A 1-year  time  history  of  the  Gulf  Loop  Current  has 
been  made  by  ship  in  synchronization  with  the  Earth  Resources  Technology 
Satellite  (ERTS) . Shipboard  measurements  of  upwelllng  spectral  irradiance 
suc'J  that  the  color  change  across  the  cyclonic  boundary  is  associated  with 
chan,,  s in  chlorophyll-a  concentrations  and  changes  in  the  volume  scattering 
functi  n.  Surface  chlorophyll-a,  temperature,  and  scattering  observations 
show  that  color  signature  of  the  current  is  present  when  thermal  indications 
are  absent,  and  thus  this  flow  can  potentially  be  monitored  by  a combination 
of  visible  and  infrared  techniques.  Shipboard  observations  indicate  that  sea- 
state  changes  frequently  occur  at  the  cyclonic  edge;  this  is  recorded  in 
ERTS  images  which  show  that  the  current’s  boundary  can  be  detected  by  changes 
in  either  color  or  sea  state.  Theoretical  spectra  of  upwelllng  irradiance 
confirm  that  surface  reflectance  changes  due  to  meteorological  conditions 
spectrally  alter  ERTS  radiances.  The  gain  settings  for  the  satellite  are 
not  optimized  for  ocean  radiances  and  hence  computer  enhancement  of  the 
data  is  required.  The  ship  data  demonstrate  an  annual  cycle  of  growth, 
eddy  separation,  and  decay  of  the  Gulf  Loop  Current,  but  this  could  not  be 
reproduced  with  ERTS  due  to  the  18-day  orbit  cycle  and  because  the  sensors 
were  not  designed  for  ocean  radiance  levels  or  spectral  distributions.  This 
research  supports  the  concept  that  a visible  multispectral  scanner,  which 
supplies  at  least  daily  observations,  is  capable  of  providing  triweekly 
pathlines  of  the  Gulf  Loop  Current. 

1 . INTRODUCTION 

The  objective  of  this  report  is  to  present  an  evaluation  of  the  use  of 
the  Earth  Resources  Technology  Satellite  for  observing  ocean  current 
boundaries.  Definition  of  the  problem  is  discussed  first  so  that  the 
purpose  and  direction  of  the  research  are  pellucid  at  the  outset.  Choice  of 
the  test  site  and  a brief  discourse  on  earlier  ocean  color  investigations 
complete  the  introduction.  The  latter  subjects  are  discussed  because  the 
focus  of  the  research  is  to  examine  the  application  of  ocean  color  remote 
sensing  to  locating  currents  in  the  eastern  Gulf  of  Mexico;  Appendix  A 
demonstrates  the  utility  of  visible  scanning  radiometer  data  in  other  parts 
of  the  Gulf  Stream  system  from  Cape  Florida  to  Cape  Hatteras. 
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1.1  Definition  of  the  Problem 

The  location  of  ocean  currents  by  infrared  radiometers  in  aircraft 
and  satellites  is  operationally  successful  from  aircraft  over  the  Gulf 
Stream.  The  statistical  correlation  between  the  surface  thermal  signature 
of  the  Gulf  Stream  and  the  veJocity  core  has  been  studied,  and  it  has  been 
shown  (Hansen  and  Maul,  1970)  that  north  of  Cape  Hatteras  there  is  a thermal 
indication  of  the  cyclonic  edge  (left-hand  side  facing  downstream  in  the 
Northern  Hemisphere)  at  all  seasons.  Atlases,  however  (e.g.,  Robinson, 

1973),  show  that  major  portions  of  the  Gulf  Stream  system  have  no  surface 
thermal  gradients  caused  by  seasonal  heating  for  as  much  as  4 months  of 
the  year. 

The  cyclonic  edge  of  the  Gulf  Stream-type  flows  is  frequently  well 
defined  and  can  often  be  observed  by  noting  changes  in  temperature,  salinity, 
color,  and  sea  state  (Stommel,  1966,  pp.  62-65;  Uda,  1938).  Color  changes 
imply  that  the  optical  properties  of  the  ocean  change  in  the  vicinity  of  the 
cyclonic  edge.  If  those  optical  properties  are  observable  when  the  thermal 
signature  is  lost,  a year-round  remote  sensing  technique  is  potentially 
available. 

Specifically,  this  research  is  to  test  the  utility  of  the  Earth 
Resources  Technology  Satellite,  ERTS  (supplemented  by  Skylab  photography) , 
for  observing  ocean  currents  from  changes  in  the  optical  properties  of  the 
water  across  the  cyclonic  edge  through  Information  collected  in  a sequence 
of  ground-truth  research  vessel  cruises  In  synchronization  with  the 
satellite.  The  research  relates  upwelllng  irradlance  spectra  to  the  current's 
surface  optical  signature,  evaluates  the  seasonality  of  parameters  contrib- 
uting to  the  surface  optical  signature,  correlates  the  surface  optical 
signature  and  the  deeper  thermal  structure,  obtains  pathlines  of  the  deeper 
thermal  signature,  tests  whether  ERTS  data  reproduce  the  circulation 
pattern,  contributes  to  basic  oceanographic  knowledge  in  the  test  site,  and 
examines  the  requirements  for  an  optimum  ocean-color-sensing  satellite. 

1.2  Choice  of  Test  Site 

Radiation  data  from  the  Earth  Resources  Technology  Satellite's 
Multlspectral  Scanner  (MSS)  became  available  from  mld-1972  onward,  but  almost 
exclusively  over  the  United  States  because  of  limitations  in  on-board  tape 
recorder  capacity.  Satellite  tracking  stations  at  Greenbelt,  Maryland,  and 
Goldstone,  California,  are  able  to  receive  signals  over  the  Gulf  of  Mexico 
and  into  the  Cayman  Sea,  an  area  that  fits  the  problem  definition  and  is 
loglstically  convenient.  ERTS  has  an  18-day  revisit  time  that  requires  the 
ocean  feature  to  be  studied  as  a slowly  varying  phenomenon.  Data  taken  by 
the  R/V  DISCOVERER  in  1969-70  showed  that  changes  in  the  circulation 
patterns  in  this  area  were  not  rapid  and  that  monthly  observation  schedules 
would  be  acceptable. 

On  the  basis  of  these  considerations,  the  eastern  Gulf  of  Mexico  was 
chosen  as  the  test  site.  Here,  the  flow  from  the  Yucatan  Strait  penetrates 
northward  into  the  Gulf  to  a varying  degree  before  exiting  through  the 
Straits  of  Florida.  Leipper  (1970)  proposed  an  annual  cycle  of  growth. 
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spreading,  and  decay  of  this  current  system,  but  it  was  based  on  data 
spaced  at  random  Intervals  over  2 years  Including  several  cruises  not 
designed  to  collect  data  on  the  current.  The  sequence  of  current  patterns 
obtained  in  the  present  study  was  designed  to  provide  a proper  time  series 
of  the  Gulf  Loop  Current  from  Yucatan  to  Key  West.  The  surface  vessel 
cruises  are  at  36-day  intervals  in  synchronization  with  ERTS  overpasses. 

Routine  monitoring  of  the  Gulf  Loop  Current  has  several  practical 
applications:  The  relatively  sterile  waters  of  the  current  mark  a boundary 
of  organic  production  important  to  the  fishing  industry  (Austin,  1971) .The 
high  velocities  in  the  current  can  have  a marked  effect  on  optimum  ship 
routing.  Sound  propagation  characteristics  in  the  sea  change  significantly 
in  the  vicinity  of  the  current's  boundary,  having  implications  for 
bathymetric  surveying  and  national  defense.  The  location  of  the  Loop 
Current  has  been  related  to  storm  intensification  (Lelpper  and  Volgenau, 
1970)  in  this  hurricane  fertile  region.  Environmentalists  are  concerned 
about  the  transport  of  hydrocarbons  and  wastes  (Smith,  1974). 

These  data  have  already  been  used  to  document  the  first  Florida  east 
coast  red  tide  (Murphy  . 1974),  wherein  the  organisms  were  transported 

by  entrainment  from  Florida  Bay  to  the  Florida  east  coast.  The  impact  of  a 
recent  accidental  jettisoning  of  hundreds  of  cyanide  canisters  following  a 
ship  collision  in  the  Yucatan  Straits  is  being  studied  with  these  results 
(Corwin  and  Richardson,  1974).  The  Gulf  of  Mexico  thus  represents  an  area 
of  regional  interest  where  knowledge  of  surface  current  trajectories  in 
real-time  is  an  important  contribution  to  the  proper  use  of  the  oceans. 

1.3  Prior  Ocean  Color  Observations 

Early  work  on  ocean  color  is  summarized  by  Schott's  1935  map  (Neumann 
and  Pierson,  1966,  p.  68)  of  Forel  color  for  the  Atlantic  Ocean  in  figure  1. 
The  contours  of  Forel  scale  number  clearly  separate  the  Sargasso  Sea  from 
the  east  coast  of  North  America's  coastal  waters.  Similarly,  Joseph  and 
Wattenbergs'  1944  map  (Neumann  and  Pierson,  1966  , p.  65)  of  the  distribution 
of  the  vertical  extinction  coefficient  in  the  Atlantic  almost  duplicates 
Schott’s  distribution  of  color  (fig.  1):  The  Sargasso  Sea  is  a clear, 
blue,  water  mass,  juxtaposed  with  a green,  more  turbid  coastal  water  mass. 

Observations  have  shown  that  the  temperature  and  salinity  change  at  the 
cyclonic  edge  of  the  Gulf  Stream  is  well  correlated  with  a rapid  change  in 
horizontal  velocity  shear  (e.g.,  Maul  and  Hansen,  1972).  A color  change  is 
associated  with  this  shear  but  the  correlation  was  not  established.  In  the 
summer  of  1971,  observations  were  taken  by  the  author  while  on  board  the 
R/V  KNORR  in  the  Gulf  Stream  off  New  England.  The  Forel-scale  color 
failed  to  correlate  with  surface  temperature  changes:  Forel  number  0-1  were 
always  recorded  in  the  Stream  with  higher  temperatures,  and  Forel  numbers 
4-5  were  always  observed  at  stations  in  the  slope  water  outside  of  the 
Stream  with  lower  surface  temperatures.  These  changes  were  noted  even  if 
the  station  spacing  inside  and  outside  the  boundary  was  only  several  kilo- 
meters apart.  From  these  observations,  it  appears  that  color  change  is  as 
viable  an  indicator  of  the  cyclonic  edge  as  temperature  or  salinity. 

Hanson  (1972)  reviewed  the  field  of  ocean  remote  sensing  and  discussed 
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the  techniques  for  measuring  temperature  in  the  Infrared  or  microwave, 
salinity  and  sea  state  in  the  microwave,  and  color  by  visible  spectroscopy. 
The  research  effort  discussed  herein  centers  on  the  use  of  the  visible  and 
reflected  Infrared  portion  of  the  electromagnetic  spectrum  (400-1100  nm) . 
Yentsch  (1960)  contributed  to  using  remote  spectral  devices  in  this  spectral 
region  in  his  study  on  the  influence  of  phytoplankton  pigments  on  the  color 
of  the  sea.  That  paper,  and  a later  one  (Yentsch,  1962),  discussed  changes 
in  the  absorption  spectra  of  sea  water  due  to  chlorophylls  and  to 
particulates.  The  absorption  spectra  show  a shift  in  the  wavelength  of 
maximum  transparency  toward  the  green  with  Increasing  chlorophyll  concen- 
trations; larger  particle  sizes  cause  higher  attenuance  of  light  in  the 
shorter  wavelengths  of  the  spectrum.  The  Forel  color  shift  in  the  ocean 
(fig.  1)  is  explained  by  these  results. 


Figure  1.1a  (left):  Color  of  the  sea  as  indicated  in  percent  of  yellow 

as  indicated  by  the  Forel  scale,  according  to  Schott. 

Figure  1.1b  (right):  Distribution  of  the  vertical  extinction  coefficient 

(xlOO)  of  the  surface  water,  according  to  Joseph  and  Wattenberg  (both 
figures  after  Neumann  and  Pierson,  1966)  . 


Remote  sensing  of  the  color,  on  the  other  hand,  is  a corollary  to  the 
absorption  spectra  problem.  Clark  e^  al.  (1970)  obtained  reflectance 
spectra  of  upwelling  radiance  from  aircraft  over  the  Sargasso  Sea,  the  New 
England  slope  water,  and  Georges  Bank.  They  related  the  spectra  of  back- 
scattered  light  to  varying  chlorophyll  concentration  and  noted  that  anoma- 
lies in  the  spectra  are  related  to  other  biochromes,  suspended  sediment, 
surface  reflection,  polarization,  and  air  light.  Chandrasekhar  (1960)  showed 
from  radiative  transfer  theory  that  the  reflectance  spectra  at  the  ocean's 
surface  are  a function  of  both  the  scattering  and  attenuation  of  the  water 
itself  and  the  materials  suspended  or  dissolved  in  it.  Chandrasekhar's 
theory  gives  a qualitative  explanation  of  the  spectra  obtained  by  Clark  £t 
al . : Higher  reflectances  are  caused  by  Increased  scattering,  and  shifts  in 
the  wavelength  of  maximum  reflectance  are  due  to  absorption  (see  also 
Yentsch,  1960,  1962). 

The  results  discussed  above  form  the  basis  for  this  study.  In  the  Gulf 
Stream  off  New  England,  a color  change  is  associated  with  the  cyclonic  edge 
of  the  current.  That  color  shift  is  associated  with  changes  in  the  concen- 
tration of  pigment  forming  molecules  in  the  water,  and  it  can  be  detected 
by  airborne  spectroradlometers . If  similar  results  can  be  obtained  in  the 
test  site,  then  ocean  color  can  be  used  to  delineate  the  boundary  of  the 
Gulf  Loop  Current.  The  following  sections  will  discuss  ocean  spectra  in 
light  of  more  recent  theoretical  results  and  the  application  of  the  color 
sensors  aboard  the  Earth  Resources  Technology  Satellite  to  current  boundary 
location. 
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2. 


OPTICAL  AND  HYDROGRAPHIC  PROGRAM 


The  subsections  of  this  chapter  elucidate  the  background  of  the 
research.  The  optical  theory  necessary  to  Interpret  both  the  shipboard 
observations  and  satellite  data  is  presented.  An  aircraft/ship  experiment 
conducted  before  the  satellite  launch  Is  used  to  test  whether  ERTS  has  the 
basic  capability  to  observe  ocean  color,  and  what  surface  vessel  measurements 
are  required  to  obtain  satisfactory  ground  truth.  Previous  hydrographic 
observations  in  the  Gulf  of  Mexico  are  then  researched,  and  a useful  indi- 
cator of  the  Gulf  Loop  Current's  deeper  thermal  signature  is  chosen  for  the 
time  series.  Finally,  the  observation  program  and  measuring  techniques  are 
discussed. 


2.1  Background  of  Optical  Theory 


The  radiance  (N  (1))  at  che  top  of  the  atmosphere  can  be  written  as  the 

sum  of  the  ocean  surface  radiance  (Ng  (A)  ),  the  diffuse  radiance  from 

beneath  the  ocean  (Nj  (X)  ),  and  the  radiance  from  the  atmosphere  (N  (X)  ): 

a 


N(X)  = a(X)Ng(X)  + Ya)Nd(X)  + Ng(X) 


(2.1) 


where  a(X)  and  are  atmospheric  transmittance  factors  for  Ng  and  N,,  and 

X is  wavelength.  The  effect  of  the  atmosphere  on  ocean  color  sensing  from 
space  has  been  recently  studied  by  Curran  (1972).  In  this  work,  however, 
Interest  is  in  determining  the  boundary  of  these  baroclinlc  flows  by  changes 
in  the  optical  properties  of  the  ocean  (N^,  N^) . The  radiance  of  the  atmo- 
sphere does  not  contribute  to  determining  these  ocean  properties  except  to 
reduce  the  contrast,  unless  there  is  significant  atmospheric  spatial  vari- 
ability. The  effect  of  sea  state  on  N(X)  is  to  spectrally  alter  Ng  (X); 
this  will  be  discussed  in  section  4.2. 


Gordon  (1973)  constructed  a single  scattering  model  for  the  ocean 
wherein  he  related  the  diffuse  reflectance  (R<j(0,-))  just  above  the  sea 
surface  (defined  as  the  ratio  of  the  upwelllng  irradiance  (H(0,+))  to  the 
downwelling  irradiance  (H(0,-))  to  several  optical  properties  of  the  water 
and  its  suspended  or  dissolved  materials.  Rjj(0,~)  as  defined  here  does  not 
include  the  surface  component  and  is  proportional  to  N^, 


Nj  cc  Rd  (0,-)«H(0,-)  - H(0,+) 


(2.2) 


where  the  proportionality  constant  depends  on  angle.  The  optical  parameters 
in  Gordon's  model  are  uq,  which  is  defined  as  the  ratio  of  the  beam  scatter- 
ing coefficient  (b)  to  the  total  beam  attenuation  coefficient  (c) , and  B, 
which  is  the  fraction  of  backscattered  light: 


B = 2tt 


’’ti 

J Tr/i 


mi 

b 


sin  0 d 0. 


(2.3) 
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6(0)  in  (2.3)  is  the  volume  scattering  function  which  relates  to  the 
Intensity  of  radiation  (dJ(0)),  singly  scattered  from  a small  sample 
volume  (dv)  when  illuminated  by  an  incident  irradiance  (Hq)  through 


6(0)  H dJ(0) 
H dv 
o 


(2.4) 


Examples  of  measurements  of  this  variable  are  given  later  in  section  2. 2. It 
has  been  shown  that  6(45  ) and  b are  well  related  in  the  ocean  (Beardsley 

et  al..  1970).  In  Gordon's  model,  for  a semi-infinite  ocean,  the  forward- 
scattered  light  is  approximated  by  a delta  function  (cf.,  Jerlov,  1968), 
and  the  diffuse  reflectance  can  be  written 


Rjj  ( 0 , — ) — U)nB  , 

I-ioqF 


(2.5) 


where  F is  the  fraction  of  forward-scattered  light  (1-B)  , and  k is  a 
constant.  Each  of  the  variables  in  (2.2),  (2.3),  (2.4),  and  (2.5)  are 
dispersive,  that  is,  they  are  wavelength  dependent  and  will  be  tacitly 
assumed  to  be  so  hereforth.  is  the  contribution  to  the  reflectance 

of  photons  from  the  atmosphere  that  penetrate  the  ocean's  surface  and  are 
scattered  back  into  the  atmosphere. 

Equation  (2.5)  allows  spectra  to  be  computed  for  comparison  with 
observations.  The  important  oceanic  parameters  are  Wq  and  B.  These 
independent  variables  provide  an  infinite  set  of  possible  contributions 
to  the  upwel ling  light,  and  they  must  be  known  to  Interpret  observations. 
Unfortunately  wq  Is  only  imperfectly  known  even  for  pure  water,  and  the 
contributions  to  B from  particles  alone  (Bp)  are  unknown.  From  the  behav- 
ior of  Maul  and  Gordon  (1974)  were  able  to  show  that  the  spatial 
gradient  of  (2.1)  in  two  ERTS  bands  can  give  quantitative  information 
about  the  gradient  of  particle  concentrations  in  the  sea.  This  is  a use- 
ful result  for  locating  ocean  currents  from  ERTS  because  there  are  large 
changes  in  the  extinction  coefficient  (Joseph  and  Wattenburg)^  across 
these  boundaries. 


ERTS  is  a polar-orbiting  research  and  development  satellite 
originally  designed  to  return  seven  channels  of  data;  one  Instrument 
failed  (channels  1-3)  early  in  the  mission.  The  ground  swath  is  185 
km  wide  and  the  revisit  time  is  18  days.  The  sensors  of  the  multi- 
spectral  scanner  are  in  the  visible  and  near  infrared  (reflected  infra- 
red) region.  Pertinent  details  are  summarized  in  table  2.1. 


' Cited  by  Neumann  and  Pierson  (1966),  p.  65. 
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Table  2.1  Multispectral  Scanner  Specifications 


Band 

Bandpass 

Nominal  radiance  response 

Digital  steps 

(nm) 

, _2  _1 
(mW  cm  sr  ) 

(Quantized  onboard) 

MSS-4 

500-600 

0-2.48 

128 

MSS-5 

600-700 

0-2.00 

128 

MSS-6 

700-800 

0-1.76 

128 

MSS-7 

800-1100 

0-4.60 

64 

Note;  The  Earth  Resources  Technology  Satellite's  multispectral  scanner 
is  quantized  onboard  and  the  data  relayed  in  a digital  bit  stream.  An 
oscillating  mirror  system  ref lects  upwelllng  radiation  into  six  detectors 
for  each  channel  so  that  six  scanlines  of  the  earth  are  observed  simultan- 
eously. Energy  for  each  quantum  step  can  be  estimated  by  assuming  a 
linear  relationship  over  the  128  (64)  steps  (NASA,  1971). 


The  satellite  does  not  receive  any  information  from  the  blue  portion  of 
the  spectrum  (400-500  nm) . It  seems  that  this  is  a severe  limitation  for 
oceanography  since  most  of  the  spectral  information  observed  at  the  sea 
surface  is  contained  in  this  spectral  interval  (see  section  4.2). 

The  penetration  depth  of  the  ERTS  sensors  is  Important  in  data 
interpretation  because,  in  the  coastal  zone,  bottom  reflection  contributes 
to  R^.  Gordon  and  McCluney  (1974)  have  studied  this  and  show  that  in  the 
open  ocean,  the  mean  penetation  depth  is  15  to  18  m for  MSS-4,  and  3 
m for  MSS-5.  In  the  coastal  zone,  these  values  will  be  even  less  be- 
cause of  larger  values  of  the  absorption  coefficient  (a  ) due  to  yellow 
substance  (Gelbstoff;  Kalle,  1938).  Charnell  and  Maul  (1973)  showed  that, 
for  MSS-6  and  MSS-7,  pure  water  is  essentially  opaque  because  of  very 
large  attenuation  coefficients  in  the  near  infrared;  therefore,  any  infor- 
mation from  MSS-6  or  MSS-7  can  be  considered  surface  data  only,  whereas 
some  subsurface  variability  may  be  inferred  from  MSS-4  and  MSS-5. 

2.2  Optical  Properties  of  the  Loop  Current  Front 

Figure  2.1  is  a south-north  section  through  the  cyclonic  front  of 
the  Gulf  Loop  Current  near  Dry  Tortugas.  These  data  were  collected  during 
a joint  ship/aircraft  experiment  on  27-28  June  1972,  and  are  representa- 
tive of  the  variability  in  temperature,  scattering,  chlorophyll-a 
concentration,  and  spectra. 
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Figure  2.1  South-to-north  (left  to  right)  cross  section  of  the  Gulf 
Loop  Current's  cyclonic  boundary.  Isotherms  in  the  thdrmal  cross 
section  are  in  degrees  Celsius.  The  cyclonic  edge  marks  not  only  where 
temperature,  scattering,  and  chlorophyll  values  change,  but  also  salinity, 
current  velocity,  and  frequently  sea  state.  Inset  are  reflectance  spectra; 
one  taken  in  the  Gulf  Stream  (GS) , the  other  taken  in  the  coastal  water 
(CW) . Mixed  layer  depth  suggests  that  the  optical  properties  which  affect 
spectra  are  homogeneous  for  at  least  20  m. 


The  surface  temperature  field  (Tg)  shows  a marked  decrease  near  the 
current's  edge.  This  is  the  thermal  signature  that  completely  disappears 
for  3 or  A months  when  summer  insolation  makes  these  waters  isothermal, 
thus  rendering  infrared  techniques  useless.  The  subsurface  thermal 
field  reflects  early  summer  conditions:  mixed  layer  depth  of  approximately 
20  m,  gentle  slope  of  warmer  Isotherms  (l.e.,  22°C) , and  steeper  slope  of 
cooler  isotherms  (i.e.,  1A®C)  when  going' toward  the  current.  The  core 
of  the  current  is  further  offshore  (to  the  left)  than  this  section  shows. 
Details  of  the  boundary  between  the  current  and  coastal  waters  are  empha- 
sized here  to  demonstrate  use  of  visible  techniques  for  remote  sensing  in 
tropical  and  subtropical  waters. 
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Profiles  of  surface  chlorophyll-a  concentration  (Clg)  and  volume 
scattering  function  at  45®  (6(45)g)  made  during  the  transect  are  shown  along 
with  the  thermal  signature.  Light-scattering  measurements  were  made  during 
the  experiment  using  a Brlce-Phoenlx  light- scattering  photometer  and  a blue 
(436  nm)  filter.  The  volume-scattering  function  defined  In  (2.4)  was 
calculated  using 


B(45®)  - a TO  D (45°)  t sin  45° 

h n D (0°) 


(2.6) 


where  a the  ratio  of  the  working  standard  diffuser  to  the  reference 
standard  diffuser,  6(45  *)  is  in  units  of  m ^sr  TD  is  the  trans- 
mittance of  the  reference  standard  diffuser,  h is  the  dimension  of  the 
Irradiated  element,  D is  the  deflection  of  the  galvonometer , and  t is  the 
transmittance  of  the  neutral  density  filters.  Chlorophyll-a  measurements 
were  made  ^ vitro  on  a fluorometer  calibrated  with  pure  chlorophyll-a. 

The  calibrations  were  checked  on  a spectrophotometer,  and  calculations  were 
made  using  the  S.  C.  0.  R./  U.  N.  E.  S.  C.  0.  (Strickland  and  Parsons,  1968) 
equation: 

Cl  = 11.64  -(2.16  E^45  + 0.10  £^30)  , 

(2.7) 

3 

where  Cl  is  the  chlorophyll-a  concentration  in  mg  m~  , E Is  the  extinction 
(defined  as  the  logarithm  of  the  reciprocal  of  transmittance),  and  subscripts 
are  the  applicable  wavelength  in  nanometers.  These  techniques  are  used  for 
all  values  reported  herein. 

The  profiles  demonstrate  that  the  general  level  of  scattering  is 
0.7  X 10“^m~^  sr~^(18%)  more  in  the  coastal  water  than  in  the  current. 
Similarly  the  chlorophyll-a  concentration  is  0.2  mg  m~^(100%)  more  in 
coastal  water.  This  is  the  general  situation  observed  in  these  transects 
especially  near  the  coast;  however,  many  times  there  were  no  distinct  changes 
of  these  Indicators  of  optical  properties  across  the  cyclonic  edge,  and  there 
were  instances  where  scattering  from  an  Isolated  sample  was  higher  in  the 
current  (see  section  3.1).  The  slight  peak  in  Clg  just  before  reaching  the 

edge  is  a common  feature  (Lorenzen,  1971).  Maul  (1973)  related  these 
chlorophyll  peaks  to  the  edge  of  currents,  and  it  appears  to  be  a feature 
of  the  accumulation  of  materials  so  often  observed  near  the  cyclonic  edge 
(e*8"»  Stommel,  1966,  p.  iv) . 


Spectra  of  upwelllng  irradiance  at  1-m  depth  and  downwelling  irradiance 
from  the  sun  and  sky  3 m above  the  water's  surface  were  obtained  during  the 
ship/aircraft  experiment.  Reflectance  ratios  (uncorrected  for  the  immersion 
effect,  Tyler  and  Smith,  1970)  are  graphed  as  an  inset  on  figure  2.1. 
Approximate  location  of  these  observations  in  the  Gulf  Stream  (GS)  and 
coastal  waters  (CW)  are  indicated  on  the  top  of  the  figure.  The  reflectance 
in  coastal  waters  is  generally  higher  than  in  the  current,  and  the  wave- 
length of  maxium  intensity  is  shifted  to  higher  values.  This  is  in  agreement 
with  color  aerial  photographs  taken  concurrently:  A distinct  discontinuity 
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in  color  from  the  green  of  the  coastal  water  to  the  blue  of  the  Gulf  Stream 
occurred  at  the  point  labeled  cyclonic  edge  in  figure  2,1. 


I 


WAVELENGTH  (nm) 


Figure  2.2a  Theoretical  spectra  computed  for  ratio  of  particle  scattering 
to  water  scattering  of  128  (solid  line)  and  32  (dashed  line).  The  beam 
attenuation  coefficients  were  0.01  and  0.001  (ay  values  at  550  nm) , 
respectively,  for  this  example  of  coastal  and  offshore  water  types. 

Figure  2.2b  Observed  reflectance  spectra  for  coastal  (solid  line)  and 
Gulf  Stream  (dashed  line) . The  surface  volume  scattering  foj.  blue 
light  at  45°.  See  figure  2.1  for  geographic  location. 
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Figure  2.2a  contains  the  reflectance  spectra  for  two  water  types.  These 
spectra  were  calculated  using  the  Monte  Carlo  technique  by  Gordon  et  al,. 
(1974):  (2.5)  Is  a very  good  approximation  to  the  full  equation,  which  is  a 
polynomial  fit  in  powers  of  Bwq/1-o)qF.  The  solid  curve  is  computed  using  a 
ratio  of  the  particle-scattering  coefficient  (bp)  to  the  pure-water  scatter- 
ing coefficient  (bw)=128;  the  ratio  b /b^  is  proportional  to  the  concentrat- 
ion of  suspended  particles.  The  dashed  line  uses  bp/bvr=32,  and  hence  is  much 
lower  in  suspended  materials.  This  is  qualitatively  analogous  to  the  lowered- 
volume  scattering  function  in  the  current.  The  values  labeled  ay  are  beam 
absorption  coefficients  (’a=c-b)for  yellow  substance  only.  Range  of  ay  is 
chosen  to  represent  coastal  and  oceanic  values.  For  comparison,  the  observed 
reflectance  spectra  in  figure  2.2b  are  from  the  inset  to  figure  2.1. 

Referring  to  (2.5),  it  is  seen  that  at  a given  wavelength,  if  B remains 
constant,  the  reflectance  is  dependent  on  the  scattering  albedo  (lOo).  As 
more  and  more  particles  are  added  to  the  suspension,  increases  and  the 
upwelling  radiance  increases.  In  figure  2.2b,  it  is  seen  that  6(45  °)  has 
doubled  in  going  from  the  current  into  coastal  water.  Simply  increasing  ay 
would  decrease  wq  with  a resultant  decrease  in  N,j.  The  absorption  coefficient 
is  very  dependent  on  wavelength.  This  causes  a shift  in  the  spectral  peak  to 
a longer  wavelength,  i.e.,  the  water  appears  green  to  the  eye.  This  is  not 
to  say  that  the  chlorophyll-a  and  the  Gelbstoff  produce  quantitatively 
similar  results;  in  general  they  will  not.  What  it  does  imply  is  that  the 
broad  absorption  bands  in  pigments,  such  as  chlorophyll  and  Gelbstoff  at 
shorter  wavelengths  (<600  nm) , produce  qualitatively  similar  effects  in  the 
spectra.  In  nature,  however,  such  as  in  a plankton  bloom  or  in  coastal  waters, 
increased  amounts  of  chlorophyll  are  normally  accompanied  by  I"  eased 
particle  concentrations  (organisms  which  contain  the  chlorophyll)  as  well  as 
increased  amounts  of  Gelbstoff.  Since  a and  b vary  almost  independently,  the 
reflectance  signature,  which  depends  on  Uq  and  B,  is  not  unique  and  can  be 
unraveled  only  when  the  variation  of  the  optical  properties  of  the  individual 
components  with  wavelength  is  known. 

The  aircraft  experiment  thus  established  that  the  color  signature  of  the 
Gulf  Loop  Current  was  identical  with  the  thermal  signature,  that  an  optical 
signature  was  present  in  summer,  and  that  appropriate  surface  parameters  for 

identifying  that  signature  were  chlorophyll-a  concentration  and  volume 
scattering  function.  The  observed  reflectance  spectra  showed  that  there  was 
variation  in  the  MSS-4  bandpass  interval  and  that  the  color  change  was 
potentially  observable  from  ERTS.  These  results  suggested  that  the  eastern 
Gulf  of  Mexico  was  an  acceptable  test  site,  and  the  background  of  hydro- 
graphic  conditions  was  researched. 


2.3  Background  of  Hydrographic  Observations 

Early  hydrographic  work  in  the  Gulf  of  Mexico  has  been  summarized  by 
Galtsoff  (1954)  who  edited  a complete  overview  of  the  biology,  chemistry, 
geology,  and  physics  of  the  area:  In  1895,  Lindenkohl  published  a map  of 

the  temperature  field  at  250  fm  (457  m) , in  degrees  Fahrenheit,  which 
is  reproduced  in  figure  2.3.  The  warm  waters  of  the  Caribbean  can  be  seen 
flowing  northward  into  the  Gulf  and  penetrating  deeply  into  the  ambient 
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thermal  field;  similarly  the  Gulf  Stream,  seen  as  a region  of  large  horizon- 
tal temperature  gradient,  is  flowing  easterly  and  then  northerly  through  the 
Straits  of  Florida.  In  an  analysis  of  these  data,  Sweitzer,  in  1898,  reported 
that  the  circulation  was  a spreading  of  this  Inflow  which  resulted  in  an 
anticyclonlc  circulation  around  the  entire  Gulf  basin.  Parr,  in  1935, 
reported  the  opposite  conclusion  using  ATLANTIS  data  taken  in  1933;  he  stated 
that  the  Gulf  Stream  takes  the  shortest  path  from  Yucatan  to  the  Straits  of 
Florida.  Leipper  expressed  this  divergence  of  opinion  as  the  state  of  know- 
ledge in  1954  even  after  reviewing  Dietrich's  1939  map  of  the  salinity 
maximum  core,  which  reflects  the  deep  penetration  seen  in  figure  2.3. 

Work  done  in  the  1960's,  notably  by  Leipper,  and  others  (Capurro  and 
Reid,  1972),  led  Leipper  to  speculate  that  there  was  an  annual  cycle  in  the 
current  patterns  in  the  eastern  Gulf. 


Figure  2.3  Llndenkohl's  1895  map  of  the  temperature  field  (°F)  at  250 
fm  in  the  Gulf  of  Mexico.  Data  are  from  soundings  made  by  Sigsbee, 
Bartlett,  and  Brownson  between  1874  and  1883.  The  shallow  waters  (<250  fm) 
I of  Campeche  Bank  and  the  west  Florida  Platform  are  stippled  on  the  chart. 

i 
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Bottom  topography  In  the  eastern  Gulf  of  Mexico  is  dominated  by  a broad 
shallow  shelf  extending  north  of  the  Yucatan  Peninsula, the  Campeche  Bank, and 
another  broad  shallow  shelf  west  of  Florida,  the  west  Florida  Platform.  The 
continental  slopes  are  marked  by  steep  escarpments  along  the  west  Florida  area 
and  northeast  of  Campeche.  Sill  depth  in  the  Yucatan  Strait  is  2000  m,  and  in 
the  Straits  of  Florida  is  approximately  800  m (see  inset  to  fig.  2.4).  As  the 
Yucatan  Current  flows  over  Campeche  Bank,  the  bottom  topography  has  been 
thought  to  control  the  flow  as  far  north  as  23“30'N  (Mollnarl  and  Cochrane, 
1972):  Above  that  latitude,  the  flow  is  no  longer  so  constrained.  After  leav- 
ing the  confines  of  the  Campeche  Bank,  the  Gulf  Loop  Current  makes  an  anti- 
cyclonic  turn  in  the  deep  water  of  the  basin,  and  once  again  is  channeled  by 
the  Florida  Platform  and  the  Cuban  Platform  into  the  Straits  of  Florida. 

The  water  masses  in  the  eastern  Gulf  are  essentially  the  same  below  the 
depth  of  the  17 ® C isotherm  (Nowlin  and  McLellan,  1967)  as  evidenced  by  the 
temperature-salinity  (T-S)  relationship.  The  depth  of  this  isotherm  varies 
considerably,  and  as  expected  from  simple  dynamical  considerations,  17  ® C is 
several  hundred  meters  deeper  under  the  current  and  in  the  Yucatan  Water. 

Above  the  17  “ C isotherm,  the  T-S  relation  for  Gulf  Loop  Current  Water  and 
Eastern  Gulf  of  Mexico  Water,  shows  a distinct  difference.  The  former  has 
higher  salinities,  which  reach  a maximum  near  22®  C;  the  latter  is  generally 
cooler  at  the  same  saline  level.  Following  the  precedent  of  Wennekens  (1959), 
all  the  water  originating  in  the  Yucatan  Strait  is  referred  to  as  Yucatan 
Water,  the  water  along  the  continental  shelves  as  Shelf  Water,  and  the 
resident  eastern  Gulf  of  Mexico  water  as  Eastern  Gulf  Water.  The  Yucatan 
Water  is  modified  as  it  flows  through  the  Gulf  Loop  Current  (region  of 
anticyclonic  turning)  and  into  the  Straits  of  Florida,  as  evidenced  by  a 
decrease  in  the  salinity  maximum  of  the  Subtropical  Underwater  (Wust,  1964). 

For  consistency,  the  current  regime  is  referred  to  by  these  three  subdivisions: 
Figure  2.4,  Yucatan  Current  as  defined  by  the  hydrographic  sections  from 
Cabo  San  Antonio,  Cuba,  to  Isla  Contoy,  Mexico;  Gulf  Loop  Current  as  the 
regime  from  the  Yucatan  section  to  the  Key  West,  Florida,  to  Habana,  Cuba, 
hydrographic  section;  Florida  Current,  eastward  of  the  latter  section. 

2.4  Observation  Program 

Leipper  showed  that  the  22®  C isotherm  at  100-m  depth  was  a good  Inci- 
cator  of  the  current  in  all  seasons  of  the  year.  Adopting  this  as  the  basis 
for  the  tracking  strategy,  this  isotherm  is  followed  with  expendable 
bathythermographs  (XBTs) . The  first  four  cruises  were  started  in  St.  Peters- 
burg. On  the  day  of  every  second  overpass  by  ERTS,  the  ship  occupied  the 
suborbital  track;  XBT  data  along  the  NNE-SSW  tending  line  in  figure  2.4 
typify  the  ground  track.  Upon  reaching  the  Yucatan  Strait,  a Salinity- 
Temperature-Depth  (STu)  profile  was  made  at  each  of  nine  stations.  After 
observing  this  hydrographic  section,  a zig-zag  tracking  pattern  was  initiat- 
ed heading  downstream,  so  that  the  average  speed  of  the  ship  was  boosted  2 
kt.  Typically,  hourly  XBT's  were  taken.  When  the  depth  of  the  22*  C 
Isotherm  exceeded  approximately  125  m,  the  ship's  course  was  altered  to  the 
left.  This  course  was  run  until  the  22°  C Isotherm  was  less  than  80  m,  and 
then  course  was  altered  to  the  right.  The  pattern  was  continued  from  Yucatan 
around  the  Loop  to  Dry  Tortugas,  in  all  but  a few  cases,  where  weather  or 
fuel  considerations  made  it  advisable  to  run  for  Key  West.  The  Key  West- 
Habana  section  of  seven  STD  lowerings  was  occupied  after  a short  refueling 
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stop.  From  January  through  the  end  of  the  project  (eight  cruises),  the  cruises 
originated  from  Miami,  and  the  Key  West-Havana  section  was  done  first;  this 
section  is  also  a suborbital  track. 


Figure  2.4  Example  of  the  tracking  technique  is  given  in  the  main  figure 
for  August  1972.  Dots  are  XBT  drops  and  triangles  are  STD  lowerings. 

T^;e  solid  line  is  the  pathline.  (Inset)  Bottom  topography  in  the  eastern 
Gulf  of  Mexico.  Contours  are  in  meters  and  show  the  topography  of  the 

deep  eastern  basin  surrounded  by  the  Florida,  Campeche,  and  Cuban  Platforms.  ! 

i 


After  each  trip,  the  position  data  were  replotted  and  a smooth  plot 
constructed,  which  made  a best  fit  to  the  estimated  courses  and  speeds  made 
good.  Positioning  was  accomplished  using  Loran-A,  radar,  visual,  and  celestial 
observations.  It  is  difficult  to  estimate  errors,  but  based  on  Loran-A/radar 
comparisons,  ±1  to  3 km  seem  reasonable.  The  expendable  BT  strip  chart 
recorder  was  tested  (and  adjusted  if  necessary)  before  each  cruise  with  a 
test  canister.  The  average-surface-bucket  temperature  and  the  average-XBT- 
surface  temperature  (from  the  recorder)  were  calculated  for  each  cruise,  and 
thp  surface  XBT  temperature  was  adjusted  for  the  difference  in  the  average. 
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In  addition  to  the  routine  XBT  observations  described  above,  continuous 
flow  measurements  of  chlorophyll-a  using  the  technique  of  Lorenzen  (1966), 
modified  to  include  a bubble  trap,  were  recorded.  An  infrared  radiometer 
with  a special  10.5-  to  12.5-pm  bandpass  filter  recorded  continuous  near- 
surface measurements  of  radiation  temperature  for  comparison  with  the  NOAA-2 
meteorological  satellite  (Maul  and  DeVivo,  in  preparation);  these  will  be 
the  first  such  comparison  in  the  same  wavelength  interval.  Volume  scatter- 
ing at  45°,  90°,  and  135°  was  observed,  using  both  blue  (436  nm)  and  green 
(546  nm)  light,  on  the  suborbital  track  and  at  each  STD  station.  During 
appropriate  daylight  hours,  spectra  of  upwelling  and  downwelling  irradiance 
were  observed  for  correlation  with  the  biological  data  and  the  optical  data. 
STD  stations  were  taken  to  a depth  of  1000  m,  or  100  m from  the  bottom,  which- 
ever was  less.  Surface  calibration  points  were  taken  at  each  cast,  and  the 
lowering  speed  was  about  50  m per  minute.  Station  spacing  was  about  20  km, 
and  no  stations  were  closer  than  22  km  (12  n mi)  to  foreign  coasts. 
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3.  CURRENT  PATTERNS  AND  THEIR  SURFACE  MAH I FES TAT 10 NS 


To  interpret  the  ERTS  data,  ground-truth  cruises  were  conducted.  This 
section  opens  with  an  analysis  of  the  correlation  of  the  annual  cycle  of  the 
surface  optical  signature  of  the  Gulf  Loop  Current  and  the  relation  of  that 
surface  expression  to  the  deeper  thermal  signature.  Details  of  the  pathlines 
are  than  discussed  for  their  contribution  to  the  physical  oceanography  of  the 
Gulf  of  Mexico.  In  the  last  section,  the  theoretical  relationship  between  the 
surface  and  200-m  fronts  of  a two-layer  model  are  explored,  and  the  import- 
ance of  curvature  in  the  pathlines  is  analyzed.  The  potential  contribution 
and  limitations  of  surface  observations  to  needs  in  ocean  physics  are  exam- 
ined. 


3.1  Correlation  Between  Surface  Optical  Parameters 
and  Subsurface  Temperatures 

During  each  of  the  transects  of  the  Straits  of  Florida  and  the  Yucatan 
Strait,  profiles  of  surface-chlorophyll  and  surface-volume  scattering 
function  were  made.  The  aircraft  experiment  summarized  in  figure  2.1  shows 
that  the  cyclonic  edge  is  closely  correlated  to  the  maximum  positive 
gradient  in  chlorophyll-a  when  proceeding  toward  the  boundary  from  the 
current.  Since  this  is  the  region  of  the  current  that  an  ocean  color  sensor 
will  record  as  the  boundary,  the  correlation  between  this  maximum  chlorophyll 
gradient  and  the  deeper  thermal  structure  must  be  established.  Particularly, 
the  correlation  between  the  22°C  Isotherm  at  100-m  depth  is  needed,  and,  for 
comparison  with  earlier  work  by  Hansen  and  Maul  (1970)  in  the  Gulf  Stream  off 
New  England,  the  15“C  isotherm  at  200-m  depth  is  also  investigated. 

The  transect  data,  separated  by  months,  are  summarized  in  table  3.1.  The 
first  column  is  the  month  of  the  survey.  The  second  column  lists  the  horizon- 
tal separation  in  kilometers  between  the  cyclonic  edge  at  the  surface  (CE) 
and  the  22“C  isotherm  at  100-m  depth.  Column  three  is  similar  to  column  two 
except  being  for  the  15°C  isotherm  at  200  m.  The  fourth  column  is  the  average- 
surface  chlorophyll-a  concentration  in  the  current  (GS);  the  sixth  column  is 
the  percent  Increase  in  chlorophyll-a  concentration  in  the  coastal  water  over 
that  in  the  current.  The  volume-scattering  function  (not  tabulated)  showed 
general  agreement  with  these  trends  in  agreement  with  the  discussion  in 
section  2.2. 

One  reason  that  Lelpper  chose  the  22“C  Isotherm  as  an  indicator  is 
evident  from  table  3.1.  All  blank  entries,  except  January  1973,  are  caused  by 
the  indicator  being  aground;  January  is  the  one  exception,  in  that  no  transects 
were  made  because  of  operational  difficulties.  The  shallower  indicator  iso- 
therm is  more  reliable  in  these  waters  as  Lelpper  suggested.  The  horizontal 
separations  are  somewhat  larger  in  the  Yucatan  Strait  than  in  the  Straits  of 
Florida,  possibly  because  of  higher  current  velocities  in  the  narrower  Key 
West-Habana  section.  On  the  average,  however,  the  separation  is  approximately 
15  km,  which  is  very  close  to  the  average  value  of  14.7  km  reported  by  Hansen 
and  Maul  off  New  England  between  the  maximum  surface  thermal  gradient  and  the 
maximum  thermal  gradient  at  200  m.  This  is  unexpected,  in  that  the  ratio  of 
the  Coriolis  parameter  at  Gulf  of  Mexico  latitudes  to  New  England  is  0.6,  and 
initially  the  separation  would  be  expected  to  be  larger  in  southern  latitudes. 


Table  3.1  Separation  of  Surface  Front  and  Indicator  Isotherm 


YUCATAN 

CE-22  0 100 
(km) 

CE-15  0 200 
(km) 

Cls(GS) 

(mg.m-^) 

Clg(CW) 

(mg.m"3) 

Difference 

% 

AUG  72 

2 

- 

0.13 

0.89 

(585) 

SEP  72 

- 

- 

- 

- 

0-N  72 

6 

- 

0.85 

1.24 

46 

DEC  72 

10 

- 

0.34 

0.64 

88 

JAN  73 

- 

- 

- 

- 

FEB  73 

8 

- 

0.36 

0.48 

33 

MAR  73 

23 

19 

0.14 

0.16 

14 

A-M  73 

- 

- 

0.20 

0.23 

15 

JUN  73 

20 

6 

0.18 

0.32 

78  i 

JUL  73 

25 

- 

0.31 

0.49 

58 

AUG  73 

37 

61 

0.40 

0.55 

38 

SEP  73 

28 

18 

0.37 

0.51 

! 

AVE±a 

17.7111.7 

26.0124.0 

0.331.21 

0.551.32 

45126 

(99  1 172) 

FLORIDA 

AUG  72 

13 

13 

0.06 

0.13 

117  , 

SEP  72 

- 

- 

0.06 

0.19 

217 

0-N  72 

6 

17 

0.50 

0.85 

70  i 

DEC  72 

14 

17 

0.54 

0.66 

22  i 

JAN  73 

- 

- 

- 

- 

; 

FEB  73 

14 

10 

0.80 

0.93 

16 

MAR  73 

- 

- 

0.13 

0.14 

8 

A-M  73 

- 

- 

0.31 

0.36 

16 

JUN  73 

14 

8 

0.21 

0.31 

48 

JUL  73 

11 

0 

0.24 

0.43 

79  1 

AUG  73 

14 

15 

0.24 

0.41 

71 

SEP  73 

0 

5 

0.41 

0.64 

56 

AVE±o 

OVERALL 

10.815.2 

10.616.1 

0.321.23 

0.461.28 

65160 

AVElo 

14.419.6 

15.8115.4 

0.321.21 

0.501.29 

56148 

1 

Summary  of  separation  of  the  cyclonic  edge  (CE)  and  the  indicator  isotherm 
(22°C  @ 100  m and  15*C  (?  200  m) , and  the  surface  chlorophyll-a  (Clg) 
in  the  current  (GS)  and  in  coastal  waters  (CW) . The  percent  difference 
between  coastal  and  current  chlorophyll  values  is  computed  by  100  (CW-GS) tGS*X. 
Blank  values  are  where  data  were  not  obtained  or  where  indicator  went  aground. 
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The  result  implies  that  the  current  velocities  must  be  less  at  higher 
latitudes,  and  this  is  indeed  observed  by  Fuglister  (1951)  in  his  ship 
drift  studies. 

It  is  also  useful  to  note  that  the  average  separation  of  the  15°C  at 
200  m is  approximately  the  same  as  the  22“C  at  100  m.  If  the  relation 
between  the  15°C  isotherm  at  200  m and  the  velocity  core  holds  in  these 
latitudes  as  it  does  off  New  England,  then  the  pathlines  to  be  discussed  in 
section  3.2  are  also  pathlines  of  the  velocity  core  maximum.  The  large 
standard  deviations  on  the  data  in  columns  two  and  three  reinforce  earlier 
conclusions  that  these  surface  Indicators  of  the  current  are  complicated 
expressions  of  local  wind  and  current  conditions  and  should  not  be  expected 
to  be  more  precise  indicators  than  they  are.  That  is,  for  gross-scale 
features,  they  are  reliable  indicators  (within  10-30  km)  of  the  current's 
cyclonic  edge,  but  for  fine-scale  analysis  they  may  be  misleading  and  must 
be  used  with  caution.  This  is  a fundamental  limitation  of  remotely  sensed 
ocean-current  boundary  location. 

Average-surface  chlorophyll-a  concentrations  in  the  current  (GS)  and  in 
the  coastal  water  (CW)  are  given  in  columns  four  and  five  of  table  3.1.  These 
values  are  in  good  agreement  with  those  reported  by  Corcoran  and  Alexander 
(1963)  in  the  Straits  of  Florida  off  Miami.  Average  values  in  the  current  are 
0.32  mg  m“^,  whereas  the  mean  value  was  0.50  mg  m ^ in  the  coastal  water. 

This  represents  an  average  increase  of  56%  in  coastal  water  compared  to  that 
in  the  current.  During  several  months  of  the  spring  of  1973,  the  % increase 
was  markedly  lower  than  in  other  months.  Volume-scattering  function  values 
follow  this  trend  also,  which  means  that  waters  are  spectrally  similar  and 
no  ocean-color-sensing  device  could  detect  a boundary  on  the  basis  of  color 
change  alone.  The  data  in  the  last  column  indicate  that  there  is  a maximum 
in  the  percent  difference  in  the  summer  months,  which  is  encouraging  for 
remote  sensing  because  that  is  when  surface  thermal  signatures  are  lost. 

Continuous-flow  chlorophyll-a  measurements  were  made  during  each  cruise, 
including  the  current  tracking  to  obtain  the  pathlines  of  the  current.  The 
general  trend  of  surface  values  is  not  significantly  different  than  that 
reported  here.  One  exception  is  the  sumner  of  1973  discussed  below. 

Harbor  and  nearshore  values  were  generally  much  higher  than  these  reported 
here;  estuarine  water  in  general  has  entirely  different  chlorophyll  and 
scattering  values  caused  by  suspended  materials  and  Gelbstoff.  TTiese  waters 
are  easily  distinguished  in  ERTS  data  as  will  be  discussed  in  section  4,3. 

3.2  Pathlines  of  the  Current 

Conditions  prior  to  the  first  cruise  are  summarized  in  figure  3.1.  These 
data  were  obtained  through  the  courtesy  of  Merrill  (Texas  A & M University) , 
Molinarl  (National  Oceanic  and  Atmospheric  Administration,  NOAA) , Rlnkel 
(Florida  State  University  System  Institute  of  Oceanography,  SUSIO),  and  Brooks 
and  Niiler  (Nova  University)  from  6 to  18  May  1972.  In  this  composite  of 
their  data,  an  antlcyclonlc  eddy  is  in  the  process  of  separating  as  evidence- 
ed  by  the  ridge  in  the  topography  of  the  22®C  Isotherm  extending  northeast 
from  Campeche  Bank  to  the  Florida  Platform.  Areas  where  the  22°C  isotherm 
is  deeper  than  125  m are  stippled;  the  indicator  Isotherm  is  the  heavy  line 
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outlining  the  main  flow  and  the  eddy.  Here  the  tracking  technique  would 
show  very  short  radii  of  curvature  in  the  zone  where  the  separation  was 
taking  place,  or  the  eddy  could  be  missed  entirely  (if  it  were  not  for  the 
suborbital  trackline,  cf.,  fig.  2.4).  Recirculation  in  the  eddy  is  already 
quite  extensive  as  evidenced  by  the  closure  of  the  isopleths.  The  process 
of  eddy  separation  cannot  be  discussed  with  the  pathlines  of  the  22“C 
isotherm  except  to  confirm  that  this  did  indeed  occur.  This  eddy  was 
observed  as  late  as  December  1972  in  the  suborbital  trackline  near  the  west 
Florida  Platform. 


Figure  3.1  Depth  of  the  22°C  isotherm  in  the  project  area,  composited 
from  data  taken  6-18  May  1972.  The  eddy  was  actively  separating  from 
the  main  flow;  and  this  figure  required  spatial  smoothing,  but  it  does 
illustrate  the  relation  of  the  indicator  (100-m  depth  contour  heavy)  to  the 
thermal  field.  Stippled  areas  are  where  the  isothermal  surface  was  deeper 
than  125  m. 
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Pathlines  of  the  22°C  isotherm  at  100-m  depth  are  given  in  figure  3.2. 

The  series  was  obtained  at  36-day  Intervals,  coincidental  with  the  18-day 
period  of  ERTS.  Dates  of  each  survey  are  labeled  on  the  appropriate  path- 
line.  The  shortest  tracking  time  was  3 days  and  the  longest  6 days,  so  that 
near  synopticity  was  accomplished.  Hydrographic  station  transects  of  the 
straits  added  2 to  3 days  to  each  cruise. 

By  August  1972,  the  22* C Isotherm  extended  north  from  Yucatan  and  curved 
in  a gentle  antlcyclonlc  arc,  terminating  tangent  to  the  Florida  Platform 
near  Dry  Tortugas  (see  also  fig.  2. A).  The  suborbital  trackline  supports  the 
earlier  discussion  that  the  eddy  observed  in  May  had  completely  separated,  as 
evidenced  by  the  22°C  isotherm  being  shallower  than  30  m between  the  eddy 
and  the  main  flow. 

By  September  conditions  had  changed  markedly.  The  initial  current 
direction  had  a significant  easterly  component  and  flowed  directly  toward  the 
west  Florida  shelf.  There  was  evidence  of  Loop  Current  Water  on  the  shelf, 
and  the  22°C  Isotherm  apparently  went  aground  well  north  of  Dry  Tortugas.  A 
red  tide  of  Gymnodlnlum  breve  was  reported  on  the  west  Florida  shelf  at  this 
time.  By  late  October  the  current  had  reformed  to  its  southernmost  extent, 
and  evidence  of  Florida  Bay  Water  flowing  south  through  the  Keys  was  noted 
in  both  the  ship  track  and  an  ERTS  image  (see  also  fig.  A. 9).  Murphy  ^ 
have  used  this  evidence  to  document  partially  the  source  of  the  first  report- 
ed Florida  east  coast  red  tide.  It  is  hypothesized  that  the  organisms  were 
carried  by  the  current  through  the  Straits  of  Florida  and  exchanged  with 
local  coastal  water  north  of  Miami. 

By  December  1972,  the  current  had  swung  to  the  west  and  had  penetrated 
into  the  Gulf  to  the  same  latitude  as  during  August.  At  2A°N,  the  stream 
flowed  in  a sharp  antlcyclonlc  turn  to  the  east.  January  1973  was  the  only 
month  in  which  transects  of  the  Straits  were  not  obtained.  This  was  caused 
by  25  m sec“^  winds  and  high  seas  forcing  the  ship  to  turn  back.  Only  four 
crossings  were  obtained,  but  sufficient  detail  permitted  the  observation  that, 
for  the  first  time  in  the  series,  the  current  penetrated  north  of  Dry  Tortugas 
(25°N). 

The  "spring  intrusion"  (Leipper,  1970)  continued  through  February,  March, 
April-May,  and  June  when  the  current  extended  to  27°N.  As  the  current  pene- 
trated deeper,  it  also  swung  farther  to  the  west.  North  of  2A*N,  the  isobaths 
curve  sharply  to  the  west,  and  the  current  flows  into  deeper  water  where 
different  dynamics  probably  dominate. 

A deep  intrusion  in  July  1973,  coupled  with  a marked  cyclonic  curva- 
ture off  the  west  Florida  shelf,  led  to  expectation  of  an  eddy  separating 
by  the  following  cruise.  The  deep  intrusion  from  the  east  was  not  a sampl- 
ing artifact;  the  R/V  BELLOWS  obtained  concurrent  hydrographic  station  data 
across  the  shelf  and  out  into  the  main  current  throughout  this  area.  The 
furthest  western  extent  of  the  current  also  occurred  in  July.  A vast  area  of 
green,  high  chlorophyll-content  water  was  encountered  along  the  western 
boundary  opposite  the  intrusion  from  the  east. 
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Figure  3.2  Pathllnes  of  the  22°C  isotherm  at  100-m  depth  for  the  period 
August  1972  to  September  1973.  Dashed  line  is  the  100  m Isobath.  Actual 
dates  of  each  survey  from  Yucatan  to  Dry  Tortugas,  but  excluding  the  time 
required  for  the  STD  sections,  is  given  on  the  lower  right  of  each  figure. 
Sequence  starts  at  the  upper  left  and  proceeds  left  to  right,  top  to 
bottom. 
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By  August  1973,  the  current  system  extended  almost  to  the  Mississippi 
Delta.  The  eddy  had  not  separated.  Very  low  salinity  water  (24°/oo)  was 
recorded  by  a simultaneous  cruise  of  the  R/V  BELLOWS  and  the  R/V  VIRGINIA 
KEY  all  along  the  current  edge  off  the  Florida  shelf.  Surface  salinities 
were  less  than  30°/oo  along  the  cyclonic  boundary  in  the  Straits  of  Florida. 
Because  the  Loop  Current  was  so  close  to  the  Mississippi  Delta  and  there 
are  no  other  large  sources  of  fresh  water,  it  seems  probable  that  this  was 
Mississippi  River  Water  in  origin.  This  water  has  been  traced  as  far  north 
as  Georgia  where  salinities  were  still  32“/oo  (D.  Wallace,  personal  commun- 
ication) . 

During  the  last  cruise,  September  1973,  the  current  was  found  well  to 
the  south  again,  at  approximately  the  same  penetration  as  February.  A track- 
line on  the  R/V  BOWERS,  from  Ft,  Myers  west  to  87*’w  and  north  to  Pascagoula, 
confirmed  that  an  anticyclonic  eddy  had  indeed  separated  and  that  a signif- 
icant change  in  the  hydrography  of  the  eastern  Gulf  had  occurred  in  1 month. 
There  was  no  hint  in  the  extensive  August  data  that  a recirculation  had  be- 
gun as  a prelude  to  the  eddy  formation,  although  observations  by  Cochrane 
(personal  communication,  1974),  made  between  the  April-May  and  June  cruises, 
showed  substantial  closure  in  his  Isotherm  field  in  this  area. 

These  data  support  the  possibility  that  the  eddy  separation  is  an  annual 
event,  but  by  no  means  does  it  occur  at  the  same  time  each  year.  The  May  1972 
eddy  and  the  September  1973  event  are  16  months  apart,  whereas  space- 
craft data,  supported  by  recently  obtained  buoy  tracks  (W.  S.  Richardson, 
personal  communication),  suggest  that  an  eddy  had  separated  in  April  1974,  a 
7-month  time  difference.  Other  eddies  have  separated  in  November  1970, 
and  one  again  in  July  or  August  1971  (J.  Brucks,  personal  communication). 

Thus  in  each  of  the  last  5 years,  between  the  vernal  and  autumnal  equinoxes, 
an  anticyclonic  eddy  appears  to  have  separated  from  the  main  current. 

In  figure  3.3,  the  northward  penetration  of  the  22®C  isotherm  into  the 
Gulf  is  compared  with  historical  data.  The  dashed  line  is  Fugllster's 
harmonic  fit  of  annual  and  semiannual  terms  to  ship  drifts  in  the  Straits  of 
Florida.  The  solid  line  is  Niiler  and  Richardson's  (1973)  fit  of  a sinusoid, 
with  an  annual  term  only,  to  the  direct  transport  measurements  in  the  Straits 
of  Florida.  The  light  line  with  triangles  is  the  fit  of  the  arc  distance  from 
Cabo  San  Antonio  to  the  pathlines  of  the  indicator.  Cochrane  (1965)  did  an 
analysis  similar  to  Fugllster's  and  showed  that  the  ship  drifts  in  the 
western  Yucatan  Strait  are  essentially  the  same  as  in  the  Straits  of  Florida, 

except  that  the  maximum  drift  through  Yucatan  leads  that  through  Florida  by 
1 month.  Niiler  and  Richardson's  curve  shows  the  same  general  feature  of 
low  transports  in  winter  and  high  transports  in  summer.  They  noted  that  the 
week-to-week  fluctuations  in  the  current  were  as  much  as  the  annual  range, 
and  further  that  the  transports  lag  the  annual  cycle  of  wind  stress  curl 
over  the  Atlantic  Ocean  by  4 months.  Maul  (1974)  reported  that  the  slope  of 
the  17*C  isotherm  in  the  Yucatan  Strait  lagged  the  penetration  by  three  to 
four  cruises.  The  general  agreement  between  the  three  curves  in  figure  3.3 
suggests  that  the  variations  in  the  Gulf  Loop  Current  are  well  correlated 
with  the  annual  cycle  of  current  velocity  and  transport.  The  annual  cycle  of 
current  velocity  is  in  phase  with  the  annual  cycle  of  trade  wind  stress 
(Fuglister,  1951). 
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These  data  form  the  basis  upon  which  Leipper's  suggestion  has  been 
investigated.  The  pathlines  indicate  that:  (a)  There  is  an  annual  cycle  of 

growth  and  decay  of  the  Gulf  Loop  Current,  (b)  a major  exchange  of  heat, 
salt,  and  momentum  from  the  current  into  the  Gulf  is  made  at  least  once  a 
year  through  the  separation  of  an  anticyclonic  eddy  or  current  ring,  and 
(c)  the  circulation  in  the  eastern  Gulf  of  Mexico  is  associated  with  the 
annual  cycle  of  mass  transport. 


Figure  3.3  Annual  cycle  of  surface  drift  velocity  in  the  Straits  of 

Florida  between  Cape  Florida  and  30°N  (dashed),  annual  cycle  in  direct 
transport  between  Miami  and  Bimini  (solid),  and  annual  cycle  of  penetration 
of  the  Gulf  Loop  Current  into  the  Gulf  of  Mexico  (triangles)  during  1972- 
73.  The  large  decrease  in  penetration  between  August  and  September 
(right-hand  side)  represents  the  separation  of  an  anticyclonic  eddy  and  is 
a discontinuity  in  the  penetration  pattern. 


3.3  Theoretical  Relationship  between  Surface  and  Subsurface  Fronts 

The  statistical  relationship  between  surface  and  subsurface  indicators 
discussed  in  section  3.1  allows  an  interpretation  of  the  pathlines  discussed 
in  section  3.2  in  terms  of  satellite  ground  truth.  The  average  separation  of 
the  surface  and  subsurface  fronts  and  values  of  the  Coriolis  parameter  imply 
specific  current  velocities  in  a geostrophically  balanced  system.  Hansen  and 
Maul  showed  that  the  horizontal  distance  between  the  maximum  temperature 
gradient  at  200-m  depth  and  the  maximum  temperature  gradient  at  the  sea 
surface  varied  with  curvature  in  the  Gulf  Stream  meanders  off  Cape  Hatteras. 
For  anticyclonic  curvature,  the  separation  averaged  16.2  i 13.4  km;  for 
cyclonic  curvature,  the  distance  was  11.3  t 8.1  km;  and  for  inflection  points, 
14.2  ± 9.7  km.  Even  though  the  standard  deviations  (±a)  are  large,  the 
conclusion  from  the  ^ test  is  that  the  different  values  are  statistically 
significant  at  the  95%  confidence  level. 
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To  investigate  the  variability  in  separation  of  the  surface  front  to 
the  200-m  front,  consider  an  unaccelerated,  two-layer,  frictionless  model 
with  the  lower  layer  (2)  at  rest.  The  equations  of  motion  for  the  upper  layer 
(1)  in  natural  coordinates  are: 


KV^  + fV  + = 0 

on 


(3.1) 


P 1 “ 0 0 

where  g is  gravity,  E = — i — i , p is  density, D is  the  thickness  of  the 

upper  layer,  s is  the  along-stream  coordinate,  and  n is  the  cross-stream 
coordinate  taken  positive  to  the  left  of  the  velocity  vector  facing  down- 
stream. The  radius  of  curvature  (1/K)  is  typically  100  km  in  the  Gulf 
Stream  meanders,  reported  on  by  Hansen  (1970),  and  is  positive  for  cyclonic 
curvature.  Using  (3.1)  at  a mean  latitude  of  39°,  Hansen  and  Maul's  data 
show  that  the  average  velocity  in  the  anticyclonlc  turns  is  155  cm  sec”', 
149  cm  sec”'  in  the  inflections,  and  158  cm  sec”'  in  the  cyclonic  turns. 

The  significance  of  curvature  is  apparent  when  the  geostrophic  velocities 
(k=0)  are  computed:  129  cm  sec”'  in  the  anticyclonlc  and  185  cm  sec”'  in 

the  cyclonic  meanders,  or  approximately  ±16%  error,  respectively. 


The  relatively  constant  velocity  at  first  glance  seems  at  variance 
with  the  drogue  studies  of  Parker  (1972)  and  Chew  (1974) . In  both  of  these 
studies,  drogue  velocities  decreased  in  anticyclonlc  turns  and  increased 
through  the  inflection  points  into  the  cyclonic  turns.  In  Parker's  work, 
however,  as  the  velocity  decreased,  the  drogues  were  found  far  (>20  km) to 
the  right  of  the  Gulf  Stream's  velocity  core  (as  indicated  by  the  15°C 
isotherm  at  200  m;  Fuglister  and  Voorhis,  1965),  and  they  sped  up  again  in 
the  cyclonic  turn  as  they  drifted  over  to  the  indicator  isotherm.  Similarly 
in  Chew's  Gulf  of  Mexico  data,  the  deceleration  in  anticyclonlc  turns  was 
associated  with  the  drogues  being  to  the  left  of  the  22°C  isotherm  at  100 
m;  accelerations  in  inflections  found  the  drogues  to  the  right  of  the 
indicator  isotherm.  These  velocity  changes  are  consistent  with  the  possi- 
bility of  a statistically  constant  velocity  in  the  core,  but  the  velocity 
core  is  not  a streamline. 


The  intersection  with  the  sea  surface  of  the  density  discontinuity  in 
a two-layer  model  is  analogous  to  the  surface-temperature  gradient  maximum 
and/or  surface-color  change  zone  in  the  ocean.  As  a first  approximation,  a 
constant  velocity  of  150  cm  sec  ^ is  used  to  study  the  effects  of  curvature 
and  latitude  on  the  separation  between  the  surface  front  and  the  front  at 
200-m  depth.  From  Nowlin  and  McLellan's  (1967)  data,  is  conserva- 
tively chosen  to  be  1.0255  and  p2  =1.0265.  Results  for  the  latitudes  of  the 
Gulf  of  Mexico  are  given  in  figure  3.4. 
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SEPARATION  OF  SURFACE  FRONT  FROM  FRONT  AT  200  METERS  DEPTH  (KM) 


Figure  3.4  Theoretical  separation  of  surface  front  from  the  front  at  200-m 
depth  versus  the  radius  of  curvature  of  Loop  Current  meanders.  The  curves 
are  given  for  the  bounding  latitudes  of  the  Gulf  of  Mexico  (20  ,25  , and  30  ) 
and  are  for  a velocity  core  speed  of  150  cm  sec”^.  Inset  is  the  error 
introduced  by  assuming  the  geostrophic  approximation  as  a function  of  lati- 
tude for  a K=10  ^ cm  the  error  values  are  approximately  symmetrical,  but 
not  exactly  as  seen  in  the  main  drawing. 

Separation  between  the  surface  front  and  the  200-m  front  is  a non- 
linear function  of  the  radius  of  curvature  and  is  inversely  proportional  to 
latitude.  For  large  cyclonic  curvature,  the  interface  steepens.  Conversely, 
the  Interface  becomes  very  flat  for  the  same  curvature  in  the  anticyclonic 
case.  That  is,  for  the  same  interface  slope  (pressure  gradient)  when  the 
centripetal  and  Coriolis  terms  are  additive  (cyclonic  curvature),  the 
velocity  will  be  less  than  for  the  anticyclonic  case.  The  inset  in  figure 
3.4  depicts  the  meridional  dependence  on  the  geostrophic  approximation  in 
meandering  flow  for  a 100-km  radius  of  curvature;  this  error  becomes 
asymmetric  for  smaller  radii.  These  results  emphasize  the  need  to  account 
for  curvature  in  interpreting  maps  of  dynamic  topography  particularly  in 
lower  latitudes  . 

Typical  amplitudes  (a)  for  meanders  in  the  Gulf  Stream  system  are  50 
km;  wavelengths  (X)  are  characteristically  400km  (Chew,  1974;  Hansen 
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(1970).  Using  these  values  and  assuming  a sinusoidal  meander  path,  the 
effect  of  curvature  on  the  separation  between  the  satellite-sensed  front 
and  the  front  at  200-m  depth  can  be  studied.  Curvature  is  calculated  along 
the  meander  by 


K*  - a sin  k n , 

(1  + a^k^cos“^kn) 

(3.2) 

where  k = 2ir/A  and  n is  defined  as  before.  Using  (3.1)  and  (3.2),  the 
curvature  and  the  separation  along  the  geodesics  to  the  meander  path  can 
be  computed.  Figure  3.5  depicts  the  variability  for  V-100,  150,  and  200 
cm  sec  at  25“  North  latitude. 


Figure  3.5  Skematic  of  separation  of  surface  front  from  the  front  at 
200-m  depth  (heavy  line)  as  a function  of  curvature  and  velocity 
along  a sinusoidal  meander.  The  velocity  is  considered  constant  along 
V for  each  of  the  three  cases. 

Minimum  radius  of  curvature  for  this  model  occurs  at  100  and  300  km 
along  the  meander  and  is  81  km.  The  heavy  line  with  the  arrow  in  figure  3.5 
is  the  meander  pathline,  and  the  other  lines  represent  the  location  of  the 
surface  front  with  respect  to  the  velocity  core.  Average  separation  for  all 
velocities  is  30.4  km  in  the  antlcyclonic  turn.  The  minor  effect  of  vari- 
ations in  the  Coriolis  parameter  along  the  pathline  (4%)  have  been  neglected 
here;  from  figure  3.5,  it  is  seen  that  21  would  reduce  the  antlcyclonic 

separation  and  increase  the  cyclonic  separation.  The  net  effect  is  to  reduce 
the  pathline  variability  in  the  separation  for  an  east-west  oriented  meander, 
and  to  do  so  more  strongly  at  higher  latitudes. 
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In  summary,  the  distance  from  the  satellite-sensed  cyclonic  edge  to 
the  current  core  will  have  typical  separations  of  26  km  in  the  cyclonic 
turns  and  39  km  in  the  anticyclonic  turns  during  the  autumn  and  early 
winter  when  current  velocities  are  a minimum  of  100  cm  sec  During 
springtime  when  velocities  have  increased  to  150  cm  sec  the 
corresponding  values  are  16  km  in  the  cyclonic  turns  and  30  km  in  the 
anticyclonic  turns.  During  the  maximum  velocities,  which  Fugllster  (1951) 
and  Cochrance  (1965)  report  to  be  mid-summer,  the  values  are  11  km  and  26 
km  for  the  cyclonic  and  anticyclonic  turns,  respectively.  The  average 
theoretical  separation  is  22  km,  which  is  somewhat  larger  than  the 
statistical  value  of  15  km  observed  in  the  straits;  the  latter  value  may 
be  smaller  because  of  channeling  effects. 

For  practical  applications,  such  as  optimizing  marine  transportation, 
the  average  separation  of  the  satellite-sensed  current  boundary  and  the 
velocity  core  for  all  current  speeds  is  probably  adequate.  The  large 
variances  in  the  separation  of  the  surface  front  and  the  indicator  iso- 
therm (table  3.1)  suggest  that  factors  other  than  curvature  are  important. 
The  satellite  data,  which  are  discussed  in  the  next  sections,  are  useful 
in  providing  synoptic  observations  of  the  current,  but  they  are  limited  in 
providing  details  of  some  aspects  of  the  flow  patterns.  This  underscores 
the  aphorism  that  remote  sensing  is  an  ancillary  technique  for  studying 
ocean  physics. 


4 . RADIATION  OBSERVATIONS 
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' This  section  is  devoted  to  analyzing  the  physics  of  the  variables 

f which  relate  to  the  satellite  observations.  First,  the  theoretical  effect 

of  the  surface  contribution  to  the  upwelling  radiance  observed  by  ERTS  is 
discussed  and  the  importance  of  sea  state  is  exemplified.  Shipboard 
observations  of  ocean  spectra  are  then  studied  to  understand  how  different 
[ water  types  behave  when  Integrated  over  the  spectral  response  of  the  multl- 

' spectral  scanner's  several  channels.  Next,  actual  ERTS  observations  are 

presented,  and  the  technique  for  extracting  useful  oceanic  information 
from  the  digital  data  by  computer  enhancement  is  discussed.  Last, 
unexpected  ERTS  and  Skylab  data  are  used  to  show  evidence  of  fine-scale 
features  embedded  in  the  current,  as  viewed  by  surface  glitter  patterns. 

4.1  Theoretical  Effect  of  Sea  State  on  Upwelling  Light 

Equation  2.1  identified  three  components  to  the  radiation  received  by 
a satellite:  diffuse  radiation  from  beneath  the  sea,  atmospheric  radiation 
which  is  mostly  scattered  light,  and  the  radiation  reflected  from  the  sea 
surface  itself.  Because  the  surface  component  to  N can  dominate  the  scene 
(i.e.,  sungllnt),  sea-state  effects  on  upwelling  spectral  Irradiance  must 
be  investigated. 

Let  p(0)  be  the  Fresnel  reflectance  from  a calm  surface  where  0 is 
the  zenith  angle  (angle  of  incidence).  Then  the  total  reflectance  (p)  from 
the  ocean's  surface,  in  the  absence  of  foam,  white  caps,  and  glitter,  is 
given  by: 


(4.1) 


where  N^  is  the  radiance  of  the  atmosphere,  and  the  integration  is  over  2it 
Stjrldians  (0,i//).  Even  thought  N^  is  strongly  dependent  on  wavelength, 

Sauberer  and  Ruttner  (1941)  have  shown  that  for  zenith  angles  less  than  40“ , 
p is  essentially  nondispersive;  therefore,  Anderson's  (1954)  value  of  p=0.03  is 
adopted  for  zenith  angles  £ 40*,  and  it  is  assumed  constant  for  the  400-  to 
700-nm  interval  of  interest.  The  upwelling  irradiance  from  the  ocean  above  the 
sea  surface  (H(0,+))  is  the  sum  of  the  diffuse  component  from  beneath  the  sur- 
face (R^H(0,-))  and  the  surface  component  (pH(0,-)). 

Cox  and  Munk  (1954)  have  shown  that  for  solar  zenith  angles  less  than  70“, 
Fresnel's  law  is  valid  in  a Beaufort  4 wind  (*8  m sec“^).  As  white  caps  and 
foam  cover  larger  areas  of  the  sea  surface,  however , p will  be  altered  because 
these  features  are  approximately  Lambertian,  nondispersive,  and  have  an  albedo 
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of  1;  thus,  they  contribute  uniform  Irradlance  above  the  surface  (f  H(0,-)) 
where  f is  the  fraction  of  the  sea  covered  by  these  diffuse  reflectors. 
Therefore: 


H(0,+)  - RdH(0,-)  + (p(l-f)  + f)  H(0,-). 


(4.2) 


The  computed  spectrum  of  upwelllng  Irradlance  for  solar  zenith  angles  less 
than  40“  as  a function  of  f for  the  data  in  figure  2.2a  is  given  in  figure 
4.1.  To  be  consistent,  the  values  of  H(0,~)  observed  by  Tyler  and  Smith 
(1970)  in  the  Gulf  Stream  at  25°45'N  on  3 July  1967  are  used. 


WAVELENGTH  (nm) 


Figure  4.1  Theoretical  spectra  computed  for  three  fractions  of  the  sea 
surface  covered  with  white  caps,  foam,  or  specular  reflectors.  Solid 
line  uses  the  ratio  of  particle  scattering  to  water-only  scattering  of 
128;  dashed  line  uses  32  for  the  ratio.  Absorption  coefficients  used 
were  0.01  and  0.001  for  the  solid  and  dashed  lines,  respectively.  This 
represents  summer  (low  solar-zenith  angle)  conditions  at  the  latitude  of  the 
Gulf  of  Mexico. 
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Upwelllng  irradiance  values  for  f=0,  0.05,  and  0.1  are  given  for  the 
coastal  water  case  (solid  line)  and  the  Gulf  Stream  (dashed  line).  Compare 
the  spect’"uir.  where  10%  of  the  sea  is  covered  and  the  spectrum  where  no  white 
caps  or  foam  are  present.  Not  only  has  the  intensity  changed,  but  the  shape 
is  also  altered.  The  solar  spectrum  is  fairly  flat  in  the  visible  region: 

H(0,-)  (?  550  nm  t H(0,~)  (?  650  nm~1.2.  High  sea  states,  which  reflect  non- 
selectivelN , will  add  relatively  more  long  wavelength  energy  to  the  upwelllng 
irradiance.  Clark  et  al.  (1970)  have  attempted  to  minimize  these  effects  in 
the  measurement  of  ocean  spectra  from  aircraft  by  observing  the  ocean  at 
Brewster's  angle  (directed  away  from  the  sun)  through  a polarizing  filter.  The 
degree  to  which  these  calculations  effect  their  result  is  not  known.  For  ERTS, 
the  MSS  views  the  earth  at  angles  -*-5°  from  the  nadir  without  polarizing 
filters.  The  sun's  glitter  affects  the  upwelllng  radiance  (Strong,  1973),  and 
this  is  a function  of  the  solar  declination.  Similarly,  sea-state  effects  on 
the  upwelllng  spectra  change  the  radiance  in  an  MSS  band. 

In  figure  4.2a,  the  irradiance  is  plotted  as  a function  of  f for  the 
central  wavelength  of  the  ERTS  MSS  band  4 (500-600  nm)  and  band  5 (600-700  nm) . 
The  curves  are  linear  as  expected  from  (4.2)  and  are  wavelength  dependent.  At 
550  nm,  the  irradiance  increases  more  quickly  with  f than  at  630  nm.  This  is 
caused  by  the  shape  of  the  solar  spectrum,  and  the  ratio  discussed  above.  In 
figure  4.2b  is  plotted  the  irradiance  ratio  H(0,-)  (?  550  nm.  tH(0,-)  650  0 nm 
as  a function  of  f.  The  ratio  decreases  rapidly  as  the  sea  state  builds,  but 
then  tends  to  level  off.  Further,  the  ratio  is  not  the  same  for  the  two  water 
types  chosen  here,  which  means  that  sea-state  effects  are.  not  only  a function 
of  the  fraction  of  while  caps,  but  also  the  optical  properties  of  the  water 
itself.  Unless  the  spot  size  of  a remote  sensor  is  sm;jil  enough  to  exclude 
white  caps,  the  effects  of  sea  state  will  not  only  alter  the  Interpretation 
of  the  iai  situ  optical  properties  of  the  water,  but  will  dominate  th.e  spectral 
vari.ability . 

The  linear  dependence  of  upwelllng  irradl.ance  as  a function  of  the 
fraction  of  white  caps  (f)  suggests  that  a simple  correction  scheme  for  sea- 
state  effects  is  possible  (fig.  4.2a).  At  longer  wavelengths  (>700  nm) , the 
absorption  coefficient  for  water  becomes  very  large,  and  the  N'g(X)  component 
of  equation  (2.1)  is  Che  dominant  oceanic  variable.  At  approximately  ICOO  nm  in 
the  reflected  infrared,  the  absorption  coefficient  for  water  reaches  a maximum 
and  the  transmittance  of  the  atmosphere  is  also  a m.aximum . If  N'a(^)  car.  be 
obtained  or  reduced  to  a standard  value  (e.g.,  Curran,  1972),  then  an 
absolute  measure  ol  N at  1000  nm  provides  a measure  of  f in  a cloud- free 
atmosphere . 

Several  investigators  have  proposed  using  the  radiant  energy  at  a few 
wavelengths  to  infer  concentrations  of  chlorophyll-a  in  m.ultispectral  scanner 
outputs  (Szekielda,  1973),  in  differential  radiometers  (Arveson,  1972),  from 
slopes  in  aircraft  spectra  (Clark  et  ^.  , 1970),  and  in  photographs  (Baig  and 
Yentsch,  1969).  From  the.  above  discussion,  it  is  seen  that  such  ratios, 
differences,  and  slopes  are  strongly  influenced  by  sea  state;  this  factor  was 
tiot  considered  in  their  work.  The  problem  is  further  complicated  because 
Is  also  dependent  on  wc  and  E (equation  (2.5)).  as  will  be  discussed  in  the 
next  section. 


Figure  4.2a  (left):  Upw^lllng  irradlance  in  the  FRTS  MSS-4  (550  nm)  and 

MSS-5  (650  nm)  intervals  as  a function  of  sea  state  for  the  two  water 
types  used  in  figure  4.1.  Solid  and  dashed  lines  are  as  in  other  figures. 
Figure  4.1b(right):  Irradiance  ratio  as  a function  of  fraction  of  surface 

reflectors.  The  ratio  is  seen  to  be  a function  of  both  water  type  and 
sea  state. 


4.2  Spectroradioneter  Observations 

Optical  properties  of  the  ocean,  as  they  relate  to  the  upwellirg 
spectrum,  must  be  understood  at  the  sea  surf.ace  before  F.RTS  data  can  be  in- 
terpreted. Upwelling  Irradiance  from  3 m above  the  surface  given  in  figure 
4.3  was  observed  using  the  same  b-m  Kberi  spectrorad Lometer  useu  for  tl;e 
reflectance  spectra  in  figure  2.2b.  These  observations  were  made  during  t.be 
time  frame  of  figure  4.8  and  represent  the  water  types  shovTi  in  that  EFTS 
image.  All  spectra  were  carrfullv  selected  to  represent  approximr-rclv  the 
sane  downwel i tng  Irradiance,  sea  state,  sun  angle,  cloud  cover,  and  absence 
of  bottom  influence.  Specular  reflection  caused  by  waves  was  minimized  by 
preselecting  iO  spectra  with  similar  shapes  that  did  not  contain  anomalous 
random  peaks.  After  oigitizlng  the  records,  averages  and  standard  deviations 
(a)  were  computed  at  7-nm  wavelength  intervals;  if  values  exceeded  tiie 
average  by  lo,  they  were  rejected  and  a new  mean  computed.  Absolute  values  of 
the  spectra  are  traced  to  MBS  through  the  2-m  integrating  sptiere  at  .N.ASA's 
Godd.ard  Space  Flight  Center;  reported  values  have  ±3%  error  band 
(L.  Blaine,  personal  communicat ion) . 

The  data  in  figure  4.3  can  be  used  to  interpret  ocean  color  as  measured 
by  the  multispectral  scanner.  The  energy  In  an  ERTS  MSS  band  at  the  sea 
surface  is 

N(0,+)  “ f <Ji(X)N(X)dX  , 


0 


(4.3) 


where  <^(A)  is  the  filter  function  of  the  multlspeccral  scanner;  N Is  in  units 
of  watts  cm  ^sr~^and  iC  is  approximately  a gate  function  for  each  MSS  band 
(i)>(MSS-5) ~ 1 for  600_^X£700,  and  0 otherwise).  The  spectra  in  4.3  are  upwell- 
Ing  Irradlance  (H(0,+))  and  are  related  to  upwelllng  radiance  (N(0,+))  by  equa- 
tion (2.2).  Using  equation  (4.3),  the  spectra  were  Integrated  over  the  MSS-4 
(500-600  nm) , MSS-5  (600-700  nm) , and  MSS-6  (700-800  nm)  filter  functions  to 
investigate  the  properties  of  these  three  water  types  as  ERTS  ground  truth. 

The  highest  irradlance  values  for  the  Gulf  Stream,  coastal  water,  and  plank- 
ton bloom  all  occur  in  MSS-4;  the  lowest  is  in  MSS-6  with  MSS-5  midway 
between.  The  plankton  bloom  is  distinguished  by  having  the  highest  irradlance 
in  each  channel.  The  coastal  water  has  a higher  irradlance  in  MSS-4  than  the 
Gulf  Stream,  but  the  situation  is  reversed  in  MSS-5. 


Figure  4.3  Observed  upwelllng  spectral  irradlance  in  the  Gulf  of  Mexico, 
November  1972.  The  three  spectra  represent  typical  observations  during 
the  time  series  and  show  the  shift  of  the  dominant  wavelength  to  larger 
values  with  Increased  surface  chlorophyll-a.  These  spectra  Include  the 
surface  component  Ng. 


In  section  4.1,  the  effect  of  sea  state  on  using  ratios  and  differences 
was  discussed.  To  test  techniques  of  ratios,  sums,  and  differences  on  com- 
parable spectra,  a series  of  numerical  tests  were  made  from  the  Integrated 
Irradlances.  Combinations  of  all  three  channels  for  one  water  type  were 
compared  with  the  same  combinations  for  the  other  water  types.  It  was  quite 
easy  to  differentiate  on  the  basis  of  such  calculations  between  the  Gulf 
Stream  waters  and  the  coastal  waters,  and  between  the  coastal  waters  and  the 
plankton  bloom;  however.  It  was  not  possible  to  distinguish  between  the  Gulf 
Stream  and  the  plankton  blooms.  For  example,  MSS-4  i MSS-5  Is  1.4  for  the 
Gulf  Stream,  1.7  for  the  coastal  water,  and  1.4  for  the  plankton  bloom.  This 
suggests,  as  the  theory  Implies  (equation  (2.5)),  that  even  in  the  absence  of 
sea-state  changes,  the  ratio  test  (MSS-4  t MSS-5)  Is  not  likely  to  be 
successful  In  specifying  the  chlorophyll-a  concentration. 

Multlspectral  identification  and  classification  of  scenes  is  well 
developed  in  agriculture  and  forestry.  The  technique  consists  of  clustering 
radiances  from  known  targets  In  n-dimenslonal  histograms,  where  n Is  the 
number  of  wavelength  increment  bands.  Unknown  targets  are  then  "identified" 
by  comparing  the  radiances  In  these  same  n-channels  with  the  statistics  of 
known  radiances.  If  a value  falls  within  a given  cluster,  it  is  considered 
Identified  within  certain  error  bounds  which  vary  with  the  statistical 
spread  of  a cluster.  The  data  from  figure  4.3  were  tested  in  this  way  for 
ERTS  channels  MSS-4,  MSS-5,  and  MSS-6  In  the  same  manner  as  described  above. 
The  location  of  the  three  water  types  in  MSS-4,  MSS-5,  and  MSS-6  Cartesian 
space  is  plotted  in  figure  4.4.  The  circle  represents  the  upwelllng  radiance 
from  the  Gulf  Stream,  the  triangle  from  the  coastal  water,  and  the  square 
from  the  plankton  bloom.  Now  it  can  be  seen  graphically  why  the  ratio  test 
failed:  Both  the  Gulf  Stream  water  and  the  plankton  bloom  water  lie  near  the 
same  diagonal  in  each  two-dimensional  space;  however,  when  a vector  is  used 
to  identify  the  water  types,  a clear  distinction  can  be  made.  The  length  of 
the  vector  will  depend  on  sea  state,  and  this  result  must  be  used  with 
caution.  The  more  dimensions  used,  the  closer  the  vectors  are  to  representing 
the  spectra  (Baig  and  Yentsch,  1969).  This  is  an  example  of  how  clustering 
can  be  used  for  automatic  classification  of  water  types  in  the  ocean.  It 
requires  first  that  many  spectra  can  be  observed,  that  surface  effects  be 
accounted  for,  and  that  in  situ  properties  be  correlated. 

Clark  _e^  aJL.  (1970)  noted  that  the  slopes  of  their  aircraft  spectra 
correlate  quite  closely  with  chlorophyll  concentrations.  They  did  not  specify 
the  spectral  region  where  the  slopes  were  calculated.  The  spectra  in  figure 
4.3  have  peaks  at  470  nm  in  the  Gulf  Stream  and  at  530  nm  in  the  plankton 
bloom.  From  the  discussion  in  section  2.2  on  the  effects  of  and  B on  R^,  it 
would  be  fortuitous  if  these  slopes  represented  changes  in  the  chlorphyll 
only.  There  may,  of  course,  be  blogeographic  regions  where  chlorophyll  and 
spectra  are  canonically  related  (Duntley,  1972).  However,  since  the  data  in 
figure  4.3  represent  near-surface  spectra,  any  ocean-color-multispectral 
scanner  should  have  channels  centered  near  470  and  530  nm.  The  effect  of  the 
atmosphere  (Hovis  £t^  a^.  , 1974;  Curran,  L672)  is  to  alter  markedly  the  upwell- 
ing  radiance  at  satellite  altitudes,  particularly  at  shorter  wavelengths 
(<500  nm).  The  fact  remains  that  significant  ocean  information  is  contained 
between  470  and  530  nm,  and  these  wavelengths  must  ba  considered  along  with 
a sea-state  channel  at  1000  nm. 
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Figure  4. A Three-dimensional  clustering  of  the  data  in  figure  4.3  when 
integrated  over  the  filter  of  three  MSS  bands.  The  symbols  represent 
the  location  in  each  of  the  three  planes  of  the  Gulf  Stream  (circle) , 
coastal  water  (triangle),  and  the  plankton  bloom  (square).  A common 
location  by  vector  can  be  given,  with  statistically  derived  bounds,  to 
Identify  automatically  a target. 


The  peak  in  the  plankton  bloom  spectra  at  675  nm  (fig.  4.3)  has  been 
explained  by  Gordon  (1974)  as  being  caused  by  anomalous  dispersion  in  the 
particles  that  causes  scattering  near  the  chlorophyll-a  absorption  band. 

The  maximum  in  the  absorption  band  occurs  at  665  nm  (equation  (,2.7)).  The 
effect  on  the  upwelllng  radiance  is  to  cause  the  spectra  to  behave  like  the 
negative  derivative  of  the  absorption  in  the  vicinity  of  665  nm,  i.  e.,  a 
minimum  in  R^j  occurs  at  655  nm  and  a maximum  at  675.  This  suggests  that 
two  very  narrow  channels  at  655  nm  and  at  675  nm  in  an  ocean  color  sensor 
would  be  useful  in  Identifying  plankton  blooms  and  determining  whether  the 
absorbing  pigments  are  in  the  particles  or  dissolved  in  the  water. 
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Probably  the  most  efficient  method  of  determining  the  concentration  of 
the  constituents  in  the  ocean  will  be  to  compare  theoretical  and  experimental 
spectra,  adjusting  the  constituent  concentrations  in  the  theoretical  spectra 
until  agreement  is  found.  This,  of  course,  requires  a basic  understanding  of 
the  optical  properties  of  the  constituents  which,  can  be  derived  only  from 
careful  ui  situ  and  laboratory  experiments.  At  the  present  time,  much  energy 
and  money  are  being  expended  for  optical  methods  to  locate  and  study  materials 
with  nearly  unknown  optical  properties  suspended  or  dissolved  in  a medium 
with  only  poorly  known  optical  properties.  I.ack  of  knowledge  of  the  optical 
parameters  affecting  reflectance  must  be  overcome  before  significant  progress 
can  be  made. 

A. 3 ERTS  Observations  of  the  Culf  Loop  Current 

Several  examples  of  ERTS  observations  of  the  current  are  given  in 
figures  4.8  through  4.12.  The  location  of  each  of  these  images  is  given  in 
figure  4.5,  wtu'ch  also  includes  pathlines  of  the  22®C  isoitierm  at  100-m 
depth  made  during  satellite  transit.  Significant  variability  exists  in  these 
two  pathlines,  only  36  days  apart,  which  emphasizes  the  need  for  synopticltv 
in  oceanographic  baseline  measurements  for  remote  sensing. 

Diffuse  reflectance  from  beneath  the  ocean  is  rarely  more  chan  0.05 
(cf.,  fig.  2.2).  Reflectance  from  the  ocean's  surface,  which  is  independent 
of  this  diifuse  reflectance,  has  been  shown  to  be  comparable  cr  even  sub- 
stantially larger  depending  on  sea  state.  Reflectance  from  clouds  and 
agricultural  scenes,  however,  is  sometimes  an  order  of  magnitude  greater  than 
from  the  ocean,  even  In  the  500-  to  600-nm  wavelength  region.  For  the  NASA  Data 
Processing  Facility  (NDPF)  to  produce  an  lm.age  for  an  average  scene  radiance, 
the  ocean  signal  is  co.npressed  Into  the  lowest  few  gray  scales.  This  is 
clearlv  illustrated  in  figiite  4.6,  which  is  a scan! ine  plot  across  the 
boundary  of  the  Loop  Current  from  the  multlspec.t  ral  scanner.  The  large  spikes 
in  all  four  channels  (MSS-4  upper)  are  clouds;  there  seems  at  first  glance  to 
be  very  little  change  in  digital  number  (DN) , which  is  proportional  to  radi- 
ant Intensity,  as  a function  of  the  sample  number.  Careful  examination  shows 
that  the  average  value  of  the  DN  .if  samples  greater  than  number  950  is  slight- 
ly larger  than  those  before  this  point.  It  will  be  shovm  that  this  marks  the 
transition  to  higher  radiances  caused  by  increased  sea  state  In  the  current. 

To  display  graphically  this  small  c.tiange  over  a two-dimensional  region, 
computer  enhancement  is  necessary.  Techniques  for  ocean  radiance  levels  have 
been  studied  by  Maul,  Ch.-»rnel'i, , and  Quaiset  (1974),  and  an  extension  of 
their  results  will  be  ,:sed  here.  Evolution  of  the  results  to  he  discussed  is 
shown  in  figure  4.7  a,  b,  c,  and  d.  Figure  i,7  Is  the  raw  data  from  the 
original  NDPF  for  MSS-5, 

The  ocean  radiance  from  MSS-)'  (800-1100  nm)  is  all  constrained  to 
0_<DN£4  (0-29  mW  cm-^sv"^).  The  low  radiances  are  caused  hy  the  very  large 
values  of  the  absorption  coefficient  of  water  at  these  wavelengths.  Clouds 
and  land  (cf.,  fig.  4.6),  however,  have  large  near-infrared  retlecrance  and  are 
almost  always  above  the  DN  range  cited.  This  allows  the  computation  of  a 
binary  mask  w'nereln  ail  DN>4  are  set  to  0 ard  all  others  are  set  equal  to  1. 

The  dat.j  rjjtrlx  of  an  MSS  b.rnd  of  intarest  when  m.asked  leaves  only  the  ocean 
values  for  statistical  analysis.  Figure  A . 7b  is  tiie  mask  computed  for  this 
purpose. 
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Figure  4.5  Location  of  observations  for  figures  4.8  through  4.14.  The 
appropriate  pathline  for  figure  4.8  is  September  1972;  for  figure  4.9  is 
October-November  1972;  for  figure  4.10  is  March  1973;  for  figures  4.11  and 
4.12,  there  is  no  ship  track;  for  figures  4.13  is  August  1972;  and  for  the 
Skylab  photographs,  figure  4.14,  the  pathlines  are  July  and  August  1973. 
Complete  pathlines  are  given  in  figure  '’,2. 
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Hgiire  4.6  EFTS  scanline  plot  across  the  Loop  Current  Front.  Top  scanline 
Is  MSS-4,  next  MSS-5,  MSS-6,  and  MSS-7  on  the  bottom.  The  large  energy 
r.pikes  are  clouds.  At  scan  spot  number  950,  there  is  an  increase  in  the 
average  value  of  the  digital  number  of  1 or  2;  this  marks  the  cyclonic  edge 
of  the  current. 


Cox  and  Munk  (1954)  have  shown  that  the  frequency  distribution  of  ocean 
radiances  is  Gaussian  to  a very  good  approximation.  V.'ithin  the  limits  of 
resolution  of  the  spacecraft  data,  histograms  of  masked  MSS-4  or  MSS-5 
radiances  are  also  approximately  Gaussian,  which  is  consistent  with  Cox  and 
Hunk's  results.  Gaussian  properties  will  be  used,  but  with  the  reservation 
that  the  coarse  radiance  quantization  of  ERTS  over  the  ocean  may  depart  from 
the  continuous  function  especially  at  large  standard  deviations.  The  masked 
matrix  is  contrast-stretched  by  computing  a stretch  variable  (4)  from 

r in 


4 = M 


(DN  + KO)  - DN 
2x0 


(4.4) 
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Figure  4.7a  Raw  data  output  of  the  .VASA  data-processlng  facility.  The  MSS-5 
band  Is  reproduced  in  the  VOAi\  forwat  whicir  has  an  aspect  ratio  or  1.3 
and  thus  is  slightly  distorted  into  the  horiz^'ntal.  o)  Binary  inasl<  computed 
from  simultaneous  MSS“/  (retlected  infrared)  ^!ata.  Land  and  clouds  are  set 
to  zero;  water  features  set  to  unity,  c)  Masking  of  4.7a  by  4.7b  and  contrast 
according  to  4.3;  n=l  , k=2.  Compare  with  4.7a  for  Improvement  in 
features  in  the  ocean,  d)  Application  of  .19  x 19  Fourier  filter  to  4.7c. 
Filtering  eliminates  the  banding  in  4.7c,  but  reduces  the  spatial  reso.lution 
from  100  to  1000  m. 


where  M is  the  maximum  value  .allowed  by  the  digital- to-analog  output  device, 

TO  is  the  average  scene  radiance,  k is  a constant,  O is  the  standard  devia- 
tion about  and  n is  a constant.  If  It  is  desired  to_include  95%  of  the 
masked  data,  ic=2;  for  99%,  ‘^=3,  etc.  All  values  -if  DN-^DN  + ica  are  set  to 
DV  + <0,  and  similarly  those  values  of  DN<iiV  - co  are  clipped.  The  results  of 
stretching  the  data  in  figure  4-la  are  given  in  figure  4.7c.  The  r.ange 
7 1 DV<15  was  used  here;  significantly,  more  detail  ir.  the  ocean  features  are 
clearly  brought  cut  by  thi.s  technique  a.s  will  be  further  discussed  below. 

Maul  £l.  (1979)  also  studied  the  power  spectra  of  ERTS  scaniine 
data  and  were  able  to  show  that  the  handing  in  these  im.ag,es  has  significant 
energy  at  every  six  data  samples.  This  is  caused  by  the  MSS  design.  They 
showed  that  the  banding  could  be  effectively  eliminated  by  the  use  of  a 19  x 
19  Fourier  filter  which  wa.s  6 dh  down  at  10  sample  points  and  907.  effective 
at  14  and  6 sample  points.  Results  of  convolving  that  two-dimensional  filter 
with  the  stretched  matrix  in  figure  4.7a  are  given  in  figure  4.7d.  The 
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Figure  4.8  Negative  print  ot  computer-enhanced  (9  £r)N<13;  n=l)  MSS-5 
image  of  the  cyclonic  boundary  of  the  Gulf  hoop  Gijrrent.  Surface 
vessel  track  confirmed  the  location  of  the  current  to  be  the  darker 
shade  (higher  rc.diance)  region  on  tlie  right-hand  side  of  the  image 
(ERTS  ID  1065-154] 1).  Scanline  plot  in  figure  <.6  is  taken  along  the 
dashed  line  in  the  middle  of  the  scene,  do^i^onlal  distance  across  the 
image  is  90  kn;. 


filtered  image  contains  spatial  changes  greater  than  800  to  1000  m on  the 
Earth's  surface.  Note  the  improvement  in  tlie  removal  ot  'Horizontal  striping 
and  the  removal  of  high  spatial  variability.  These  filtered  litciges  are  most 
effectively  being  exploited  in  the  coastal  zone,  but  are  not  used  extensive- 
ly in  this  study  as  it  requires  several  hours  of  computer  time  to  perform 
the  convolution. 


Equation  (4.4)  produces  a negative  image  of  the  input  digital  image. 
Positive  whole  integers  n furt'ner  stretch  t'ne  low  radiance  values,  but  this 
produces  a nonlinear  output  and  must  be  avoided  when  comparing  images  to 
ocean  spectra.  The  graphic  result  of  using  this  equation  on  the  scanline 
data  from  which  figure  4.6  was  taken  is  given  in  figure  4.8. 


-utfcir 


Figure  4.8  is  a negative  print  of  the  area  due  north  of  the  Yucatan 
Straits  using  MSS-5  data.  Computer  enhancement  in  this  image  uses  only  five 
gray  scales  of  the  _128  levels  available;  all  values  below(DN-  2o)  are  set  to 
127  and  all  above  (DN + 2a)  are  set  to  0.  The  boundary  between  the  resident 
gulf  waters  (left)  and  the  current  (right)  is  seen  as  a transition  from 
light  to  dark  tones,  respectively.  The  exponent  n was  set  equal  to  1 for  this 
experiment.  Figure  4.9  is  an  enhancement  of  the  Loop  Current  boundary  in 
figure  4.7c,  but  which  uses  the  MSS-4  data  instead.  In  this  negative  image  of 
the  western  Florida  Keys,  water  from  Florida  Bay  extends  into  the  Straits  of 
Florida  and  is  entrained  by  the  Florida  Current.  Comparing  figures  4.9  and 
4.7c,  it  is  clear  that  more  detail  in  the  surface  waters  is  seen  in  the  MSS- 
4 image  than  in  the  KSS— 5.  MSS-4  can  detect  both  absorption  and  scattering 
changes,  whereas  MSS-5  is  essentially  limited  to  scattering  effects.  The 
current  boundary  in  both  figures  4.8  and  4.9  was  delineated  by  surface  vessel 
tracks  during  the  day  of  the  satellite  transit. 

During  the  observations  leading  to  figure  4.8,  the  winds  were  from  the 
northeast  at  12  to  14  m sec  whereas  in  figure  4.9,  they  were  easterly  at  3 
to  5 m set  When  wind  and  waves  run  in  opposition  to  a current,  the  waves 
quickly  steepen,  break,  and  generate  white  caps  and  foam  on  the  surface.  For 
weather  conditions  such  as  encountered  during  the  trackline  used  to  support 
figure  4.8,  Ross  and  Cardone  (1974)  reported  that  as  much  as  10%  of  the  sea 
surface  will  be  covered  with  these  diffuse  reflectors.  Shipboard  records 
confirm  this,  but  the  sea  state  was  much  higher  in  the  current  than  in  the 
resident  Gulf  waters.  The  effect  of  these  conditions  on  the  upwelllng 
irradiance  was  given  in  figure  4.1.  Consider  that  the  sea  state  in  the  cur- 
rent causes  the  f = 0.1  spectrum  and  that  in  the  resident  Gulf  waters  is 
given  by  the  f = 0.05  spectrum  labeled  coastal  water.  In  the  MSS-5  bandpass, 
interval  H(0,+)  is  larger  in  the  current  than  in  the  coastal  water;  the  high 
radiance  values  on  the  right-hand  side  of  figure  4.8  come  from  the  current. 
MSS-5  is  more  sensitive  to  small  sea-state  changes  than  MSS-4,  MSS-5  then  is 
a better  choice  for  locating  the  Gulf  Loop  Current  in  the  open  sea  because 
there  the  optical  properties  of  the  current  and  surrounding  waters  are  not 
significantly  different. 

In  the  observations  of  figure  4.9,  a different  conclusion  is  drawn. 
Shipboard  records  show  that  the  sea  state  was  the  same  in  both  waters.  Here 
the  upwelllng  radiance  is  dominated  by  the  R^j  H(0,-)  component,  and  the  color 
change  allows  detection  of  the  current's  boundary.  Thus,  it  is  seen  that  the 
current  can  be  detected  with  opposite  radiance  distribution  depending  on  the 
dominance  of  surface  or  subsurface  variables.  This  can  work  against  locating 
the  current  if  both  sources  of  energy,  in  and  out  of  the  current,  add  up  to 
the  same  net  radiance.  This  means  that  sea-state  changes  the  spectrum  of  up- 
welllng light  from  the  ocean,  and  absolute  values  of  radiance  will  vary  with 
low  level  winds;  conversely,  sea  state  should  be  estimable  from  radiance  where 
the  spectra  are  known. 
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Figure  4.9  Negative  print  of  computer-enhanced  (12<J)N<32;  n=l)  MSS-4  Image 
of  Marquesa  Key  and  Key  West  (ERTS  ID  1099-15293) . Change  In  radiance 
southwest  of  Marquesa  from  dark  to  light  coincides  with  the  ship -located 
boundary  between  the  higher  Intensity  Florida  Bay  water  and  the  lower  Intcn 
city  Gulf  Stream.  Bottom  depth  Is  In  excess  of  100  m at  the  cyclonic  edge 
and  does  not  contribute  to  the  radiance.  Horizontal  distance  across  the 
image  is  135  km. 


Figures  4.10,  4.11,  and  4.12  are  important  ERTS  images  obtained  in  this 
series  for  which  either  no  vessel  tracks  are  available  or  the  image  was  ob- 
tained during  the  off  18-day  transit.  Figure  4.10  is  an  MSS-5  image  of  the 
current  observed  in  the  deep  sea  showing  a double  front.  The  fronts  are 
approximately  10  km  apart  and  can  be  seen  to  extend  for  75  km  from  northwest 
to  southeast.  In  this  image,  the  boundaries  appear  to  be  made  visible  by  two 
local  areas  of  disturbed  water  which  may  represent  two  steps  in  the  velocity 
shear  profile  as  noted  by  Maul  and  Hansen  (1972)  in  the  Gulf  Stream  off  Cape 
Hatteras.  The  radiance  change  here  is  quite  small,  one  or  two  DN,  as  is  the 
case  with  figure  4.8.  It  would  be  almost  impossible  to  distinguish  such 
streaks  if  there  were  any  clouds  present.  Using  MSS-7  to  make  cloud-free 
masks  can  lead  to  misinterpretation  under  these  conditions  because  sea-state 
changes  can  sometimes  be  noticed  in  this  channel.  Usually  sea-state  values 
do  not  exceed  DN>4  in  MSS-7,  and  the  condition  is  not  serious;  however,  the 
user  must  be  cognizant  of  the  potential  loss  of  ocean  current  information  in 
an  automatic  masking  scheme  as  outlined  above. 
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I Figure  4.11  Negative  print  of  computer  enhanced  (16<DN<24;  n=l)  MSS-4  image 

(ERTS  ID  1153-15292)  of  detached  eddies  on  the  west  Florida  shelf  observed 
on  22  December  1972.  Details  of  the  boundary  of  these  20-km  diameter  Gulf 
Loop  Current  eddies  show  significant  irregularity  and  nonsymmetry.  Hori- 
zontal distance  across  the  image  is  45  km. 

In  figure  4.11,  an  MSS-4  image  of  two  eddies  on  the  west  Florida 
Platform  is  shown.  No  vessel  tracks  are  available  to  substantiate  this  con- 
clusion’, however,  on  the  basis  that  these  features  are  not  visible  in  any 
other  channel,  it  requires  that  the  light  areas  on  the  negative  print  repre- 
sent blue  water.  Here  is  another  example  (cf.,  Austin,  1971)  of  the  interaction 
of  this  scale  eddy  with  the  coastal  water,  Austin  noted  that  several  eddies  of 
this  20-  to  50-km  range  were  observed  around  the  perimeter  of  the  current  in  a 
survey  in  1970.  This  is  the  first  evidence  that  these  features  drift  onto  the 
I shelf  where  they  must  exchange  significant  quantities  of  salt,  heat,  and 

momentum.  Eddies  such  as  these  could  interact  to  bring  cyst  stages  of  G. breve 
into  the  photic  zone  and  contribute  to  the  offshore  initiation  of  a destruc- 
tive plankton  bloom. 
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Figure  4.12  Negative  print  of  computer-contrast-stretched  (7<PN<.15;  n*2) 

ERTS  Image  of  South  Florida  (F.RTS  ID  1026-15230).  The  Florida  Current  can 
be  seen  as  a line  of  dark  llneation  parallel  to  the  coast;  bottom  is  essenti- 
ally invisible  in  the  MSS-6  scene.  A ship  can  be  seen  by  its  characteristic 
V-shaped  wake  just  offshore  of  Miami  Beach.  Possibly  the  Virginia  Key  sewer 
outfall  area  can  be  observed  by  its  low  reflectance  due  to  an  organic  slick. 
Horizontal  distance  across  the  image  is  90  km. 
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An  Interpretation  of  coastal  observations  from  ERTS  is  given  in  figure 
4.12  which  is  a computer-enhanced  MSS-6  negative  image  of  southeastern 
Florida.  The  dark  lineation  parallelling  the  coast  in  the  upper  portion  of 
the  image  is  a zone  of  high  reflection  caused  by  locally  Increased  Ng  along 
the  edge  of  the  Florida  Current.  The  increase  in  surface  reflectance  is 
probably  caused  by  surface  wave  interaction  with  the  cyclonic  boundary  and  is 
not  bottom  influence.  Another  example  of  the  dominance  of  Ng  is  the  bright 
slick  areas  (low  N)  off  the  Virginia  Key  sewer  treatment  plant.  This  probably 
is  caused  by  the  dampening  of  the  glitter,  causing  capillary  waves  in  the  oil 
film  associated  with  the  organic  slick.  The  slick,  which  appears  to  have 
drifted  south  past  the  popular  Key  Biscayne  beaches,  offers  an  explanation  of 
the  narrow  lineation  offshore  in  the  Straits  of  Florida.  A passing  oil  tanker 
heading  south  which  is  pumping  her  bilges  would  cause  a similar  feature  on  the 
image.  Note  that  the  organic  slicks  observed  here  strongly  affect  the  upwell- 
ing  radiance,  and  this  must  also  affect  the  ratios  discussed  in  sections  4.1 
and  4.2.  The  glitter  pattern's  nonuniformities  further  contribute  to  the  com- 
plication in  analyzing  ERTS  data  for  quantitative  results. 

4.4  Satellite  Evidence  of  Fine-Scale  Features  in  the  Current 

Cochrane  (1965)  noted  that  the  surface  velocity  field  of  the  Yucatan 
Current  had  double  maxima.  It  was  also  noted  by  Pillsbury  in  1890  in  this 
area  and  by  Stommel  (1966,  pp.  55-59)  in  other  portions  of  the  Gulf  System. 

It  does  appear  distinctly  in  Cochrane's  geomagnetic-electrokinetograph  pro- 
files north  of  the  Strait.  Cochrane  postulated  that  it  occurs  when  the 
cyclonic  edge  of  the  Yucatan  Current  is  found  against  the  Mexican  coast,  and 
the  main  flow  is  bifurcated  by  Isla  Cozumel;  one  branch  passes  between  the 
island  and  the  mainland,  and  the  other  branch  passes  to  the  east  of  this  top- 
ographic wedge.  He  thus  implied  that  the  surface  velocity  profile  may  be 
caused  by  a turbulent  vortex  street  downstream  of  Cozumel,  which  represents  a 
disturbance  in  the  current's  vortlcity  field. 

In  this  section,  ERTS  imagery  and  Skylab  vertical  photography  are  exam- 
ined as  evidence  for  this  interpretation.  In  figure  4.5,  a computer-enhanced 
MSS-5  image  of  the  Yucatan-Cozumel  area  (fig.  4.13)  and  a Skylab  photograph 
(fig.  4.14)  in  the  central  Gulf  are  located.  The  photograph  and  its  inter- 
pretation are  from  a report  by  Maul  e^  (1974)  and  is  rediscussed  here  in 
order  to  offer  a unified  explanation  of  the  eddies  observed  therein. 

Figure  4.13  is  a negative  print  and  thus  dark  tones  represent  areas  of 
high  radiance.  The  water  outside  the  current  is  seen  to  be  of  lower  radiance 
than  that  in  the  current,  and  once  again  the  radiance  is  dominated  by  a higher 
sea  state  or  different  glitter  pattern  in  the  current.  Here  the  edge  of  the 
current  can  be  seen  leaving  the  coast  northwest  of  Cozumel.  In  the  wake  of  the 
Island  is  a spacecraft  observation  of  an  oceanic  von  Karman  vortex  street; 
this  is  clearly  the  oceanographic  analog  to  similar  observations  in  the  atmos- 
phere, taken  by  Gemini  and  Apollo  astronauts  of  the  cloud  cover  over  the 
Guadeloupe  Islands  in  the  equatorial  Pacific  Ocean.  Figure  4.13  was  imaged  on 
21  August  1972.  The  August  1972  pathline  was  observed  at  this  time,  and 
the  current's  edge  and  the  vortex  street  are  ocean  features. 
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Figure  4.13  Negative  print  (ERTS  ID  1029-15413)  of  coinputer-coritrast - 

stretched  (8<DN<16;  n=2)  MSS-5  image  of  Yucatan  and  Cozumel,  Mexico,  observ- 
ed on  21  August  1972.  The  Yucatan  Current's  cyclonic  edge  can  be  seen  emerg- 
ing from  between  the  island  and  the  mainland.  In  the  lee  of  Cozumel  is  a 
vortex  pattern  which  causes  a disturbance  in  the  surface  velocity  profile 
well  downstream.  Horizontal  distance  across  image  is  135  km. 


Surface  current  velocities  were  determined  by  the  geostrophic  method  from 
the  hydrographic  transect  of  Yucatan  Strait  on  21-22  August  1972;  station 
location  is  given  in  figure  2.4.  Station  spacing  was  very  nearly  18  km,  and 
the  north  component  of  the  surface  speeds  relative  to  700  dB,  t rom  \ucatan 
to  Cuba,  were:  103,  145,  80,  119,  73,  88,  62,  and  35  cm  6ec"^  The  low  value 
of  80  cm  sec~^,  bracketed  by  higher  values  of  145  and  11'^  cm  sec  , is  in  the 
middle  of  the  vortex  zone  shown  in  figure  4.13.  This  cross  correlation  of 
hydrographic  and  satellite  data  is  taken  as  evidence  that  the  observed  double 
maxima  is  caused  by  topographic- induced  vortex  generation,  and  it  explains  one 
type  of  fine-scale  structure  as  eddies  imbedded  in  the  main  flow  ot  the  Yucatan 

Current , 
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Figure  4.1A  Portion  of  vertical  photograph  from  Skylab  showing 

tnesoscale  eddies  (arrows)  associated  with  the  Gulf  Loop  Current.  Relation- 
ship of  these  eddies  to  the  current  is  given  in  figure  4.5.  Film  was  high- 
resolution  aerial  color  type  SO-356  which  is  responsive  in  the  400-  to  700-nm 
interval.  Photograph  is  available  from  EROS  Data  Center,  reference  number 
ST, 3-22-124.  Positive  print. 

Figure  4.14  shows  a portion  of  a photograph  taken  vertically  from  Skylab 
at  an  altitide  of  434  km  at  1735  G.m.t.  on  4 August  1973.  Solar  azimuth  at 
this  time  was  175°  and  the  zenith  angle  was  10  °.  The  sun's  glitter  pattern, 
or  sungllnt,  permits  the  observation  of  the  eddies  which  are  located  by  arrows 
in  the  figure.  In  figure  4.5,  the  centers  of  the  three  eddies  in  figure  4.14 
are  located  by  dots.  Four  other  eddies  of  the  same  size  range,  approximately  12 
to  32  km  in  diameter,  were  photographed  several  seconds  later  northeast  of 
the  Yucatan  Peninsula;  their  centers  are  located  by  dots  near  24°N,  80°W,  The 
bright  feature  dominating  the  lower  left  of  figure  4.14  is  part  of  a large 
cloud  region,  the  height  of  which  may  be  estimated  from  its  shadow  to  be 
12,000  m.  Lower  clouds,  however,  are  difficult  to  separate  from  ocean  surface 
sunglint.  The  photographs  were  spaced  so  that  18%  of  the  area  appears  in  the 
adjacent  photograph.  This  provides  the  parallax  for  a stereographic  analysis 
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which  Insures  that  the  eddies  are  Indeed  water  surface  features. 


The  specular  point  of  the  sun  is  outside  the  field  of  view,  but  surface 
waves  spread  the  glitter  pattern  past  the  photograph's  nadir  point.  During 
periods  of  light  winds  (2  to  4 m sec  ^ for  these  data),  alternating  slicks  made 
visible  by  changes  in  reflectance  can  delimit  the  circulation  pattern  (Ewing, 
1950).  Reflectance  differences  are  caused  by  slicks  with  suppressed  capillary 
waves  in  which  organic  films  are  compacted  because  of  lower  surface  tension 
under  the  film. 

The  most  probable  generation  mechanisms  of  eddies  are  shear  instability, 
topographic  influence,  or  current  meandering.  Ocean  eddies  whose  diameters  are 
in  the  range  10  to  100  km  are  known  to  be  quasigeostrophic  and  confined  to 
the  upper  100  to  200  m of  the  water  column.  Considering  the  size,  shape,  and 
position  of  the  eddies,  it  seems  reasonable  to  propose  that  they  are  associ- 
ated with  the  horizontal  velocity  shear  of  the  Gulf  Loop  Current  (Lee,  1974) 
and  appear  to  be  instabilities  at  a surface  of  separation  (Prandtl  and 
Tietjens,  1957).  According  to  this  interpretation,  the  eddies  are  cyclonic; 
that  is,  the  water  on  the  right  of  figure  4.14  is  moving  toward  the  top  of 
the  photograph  relative  to  that  at  the  left. 

Because  the  indicator  isotherm  has  undergone  a large  eastward  trans- 
lation between  July  and  August,  exact  relation  of  the  eddies  to  the  current 
is  difficult  to  ascertain,  however,  the  data  suggest  that  these  eddies  may  be 
in  the  main  body  of  the  current.  The  four  eddies  northeast  of  the  Yucatan 
Peninsula  are  to  the  right  of  both  Indicator  isotherms  and  within  the 
current's  characteristic  width  of  100  km.  Hence,  they  appear  to  be  embedded 
in  the  main  flow  near  the  current  axis.  This  is  in  agreement  with  the  obser- 
vations taken  1 year  earlier  wherein  it  was  observed  that  the  fine-scale 
structure  from  the  Island  is  in  midstream.  These  eddies,  however,  do  not 
appear  to  be  genetically  the  same  as  the  vortex  sheet  eddies,  which  would 
make  alternating  vorticlty  downstream. 

The  possibility  that  the  eddies  in  mid-Gulf  are  generated  by  Isla  Cozumel 
cannot  be  dismissed  based  on  these  data.  Photographic  observations  such  as 
these  are  chance  opportunities  that  may  not  capture  the  entire  field  of  flow. 

If  these  e'ddles  were  shear  instability  features,  then  one  could  expect  to  find 
them  in  other  areas  of  the  stream  as  Stommel  (1966)  reported.  If  Cozumel  was 
the  only  source  of  disturbance  vorticlty,  then  these  eddies  have  been  advected 
600  km  downstream  and  may  be  found  many  thousands  farther.  The  latter  seems 
unreasonable  because  of  Cochrane's  report  that  velocity  profiles  well  upstream 
of  Cozumel  do  not  often  exhibit  these  features.  This  may  be  dependent  on  the 
season  of  the  year  because  the  current  does  not  always  flow  as  close  to  the 
Mexican  coast  as  it  seems  to  in  mid-summer. 
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5.  DISCUSSION 


The  first  section  of  this  chapter  addresses  the  capability  of  ERTS 
Itself,  and  ocean  color  data  in  general,  to  observe  pathlines  of  the  Gulf 
Loop  Current.  Several  factors  limit  the  capability  of  ERTS  to  reproduce  the 
ship  tracklines;  the  reasons  for  the  shortcomings  are  analyzed,  and  sugges- 
tions are  made  on  the  proper  temporal,  spatial,  and  spectral  requirements 
for  accomplishing  the  task.  The  pathlines  of  the  current  obtained  by  the 
ships  are  then  discussed  as  though  they  were  satellite  observations  in 
order  to  investigate  the  usefulness  of  such  data  to  physical  oceanography. 
Finally,  suggestions  for  future  research  are  made. 

5.1  Evaluation  of  Ocean  Color  Data  for  Locating  the 
Gulf  Loop  Current 

During  the  course  of  observing  the  pathlines  given  in  figure  3.2,  over 
250  ERTS  scenes  (>1000  Images)  were  received,  studied,  and  compared  to  the 
research  vessel  data.  Approximately  60%  of  the  ERTS  scenes  received  for  the 
Gulf  of  Mexico  were  not  usable  because  of  atmospheric  conditions.  Weather 
records  for  Key  West  during  1972  show  that  cloud  cover  was  ^ 3/10,  39%  of 
the  time.  The  coincidence  of  these  statistics  suggests  that  when  more  than 
3/10  of  a scene  is  cloud-covered,  interpretation  of  the  data  for  ocean 
currents  is  impossible  or  Inconclusive.  The  original  ERTS  data  order  placed 
an  automatic  rejection  limit  at  75%  cloud  cover.  This  appears  to  be  too 
liberal,  and  significant  processing  and  sorting  time  could  have  been  saved 
if  the  upper  limit  were  placed  more  conservatively  at  4U  to  5U%. 

Some  Images  were  disappointing  because  the  sky  was  clear  and  yet  there 
was  no  indication  of  the  current,  even  though  the  surface  observations  indi- 
cated good  Forel-color  changes  or  sea-state  changes.  One  explanation  is  to 
ascribe  this  to  the  gain  settings  on  ERTS  as  being  incorrect  for  the  ocean. 
Incorrect  gain  settings  also  made  distinguishing  between  thin  clouds  and 
subtle  oceanic  features  impossible  even  with  ground  truth.  This  is 
perspicuous  from  the  contrast-stretching  (section  4.3)  requirements;  computer 
enhancement  is  necessary  only  because  the  dynamic  range  of  ERTS  was  not  set 
for  the  ocean.  Hovis  (1974)  have  studied  gain  settings  in  the 

development  of  an  ocean  color  sensor.  If  that  Instrument  is  incorporated  on 
NIMBUS  G as  planned,  the  Gulf  Loop  Current  will  be  observed  more  frequently. 

The  chlorophyll-a  data  given  in  table  3.1  show  that  there  are  at  least 
3 months  of  the  year  when  no  surface  color  change  can  be  expected 
because  there  was  a lack  of  chlorophyll-a  change.  Austin’s  (1971)  maps  of 
indicator  organisms  support  the  deep-sea  chlorophyll  observations  made  during 
these  trackings,  in  that  lower  levels  of  change  are  found  in  deep  water;  that 
is,  the  values  reported  herein  should  be  considered  upper  limits  and  perhaps 
even  Influenced  by  the  proximity  of  coastal  waters,  especially  in  the  Yucatan 
Strait.  This  Implies  that  there  are  times  when  no  significant  color  signature 
of  the  current  exists.  These  data  indicate  that  the  color  signature  is  lost 
during  the  winter.  This  is  the  time  of  year  when  temperature  signatures  are 
useful.  Thus,  a combination  of  color  and  infrared  sensing  is  potentially 
capable  of  locating  the  Gulf  Loop  Current  throughout  the  seasons. 
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Several  important  ancillary  sensors  are  thus  required  which  would 
overcome  some  of  the  shortcomings  discussed  above.  An  Infrared  channel 
(10.5-12.5  pm)  is  mandatory  for  identification  of  clouds  in  the  absence  of 
ocean  thermal  gradients,  particularly  when  subtle  color  or  sea-state  changes 
occur.  Stereographic  cloud  identification,  which  was  so  valuable  in  section 
4.4,  could  also  eliminate  this  problem.  Cloud  Identification  by  stereographic 
means  requires  two  scanners:  one  normal  viewing  and  one  with  an  angled  view 
along  the  satellite  trackline  in  order  to  duplicate  the  effect  of  overlap- 
ping photography. 


The  current  was  identified  in  5%  of  the  ERTS  scenes  which  geographically 
coincided  with  the  ship  locations.  ERTS  reoccuples  each  suborbltal  track  only 
once  in  18  days  and  this  has  contributed  to  the  sparsity  of  useful  data.  If 
ERTS  obtained  observations  on  a daily  basis,  then  5%  data  return  would  pro- 
vide a useful  observation  every  20  days.  This  is  entirely  acceptable  because, 
as  the  discussion  in  sections  1.2  and  3.2  indicate,  the  Gulf  Loop  Current  was 
adequately  located  at  36-day  intervals.  This  observation  frequency,  which 
satisfies  needs  in  the  eastern  Gulf  Of  Mexico,  is  not  a general  statement  of 
temporal  requirements  of  the  Gulf  Stream  System. 


Temporal  scales  can  best  be  discussed  in  light  of  a frequency  spectrum. 
In  figure  5.1,  a kinetic  energy  spectrum  of  current  meter  records  is  shown. 
These  data  were  collected  by  the  Woods  Hole  Oceanographic  Institution  at 
site  ”D,"  which  is  located  in  deep  water  between  the  New  England  continental 
shelf  and  the  Gulf  Stream  (Webster,  1967).  Plotted  on  the  upper  abscissa  is 
the  period;  the  corresponding  frequency  in  cycles  per  hour  is  plotted  on  the 
lower  abscissa.  The  ordinate  is  in  units  of  kinetic  energy,  cm'  sec 
Causality  of  the  several  peaks  is  labeled  on  the  diagram. 


The  Nyquist  sampling  theorem  requires  that  a random  variable  must  be 
sampled  at  a frequency  at  least  twice  the  maximum  frequency  at  which  signif- 
icant energy  is  found.  Energy  at  higher  frequencies  will  be  folded  at  the 
Nyquist  and  alias  the  spectrum  unless  it  is  initially  removed  by  the  sampling 
technique.  The  local  sea  and  swell  shown  in  figure  5.1  will  not  be  observable 
in  remotely  sensed  imagery  unless  very  high  spatial  resolution  (1  m for 
1-sec  waves)  is  used.  A large  scanspot  is  equivalent  to  a low  pass  filter 
which  cuts  off  the  local  sea.  The  spectrum  can  be  considered  to  have  a 
spectral  gap  at  about  40  hr  separating  the  energetic  fluctuations  at  tidal 
and  midlatitude  inertial  periods  from  the  rest  of  the  continuum,  higher 
frequencies  not  being  observable  due  to  scanspot  size. 

If  a sampling  scheme  were  chose*  with  dally  observations,  the  spectrum 
would  be  folded  about  48  hr  and  the  semidiurnal  energies  would  be  aliased 
into  the  spectrum  at  96  hr.  In  the  open  sea,  the  energy  in  the  tidal  periods 
is  quite  small  compared  to  that  in  Gulf  Stream  meanders  (periods  of  about  45 
days,  Hansen,  1970).  Therefore,  a daily  observational  schedule  for  the  open 
ocean  is  not  a significant  compromise.  As  the  coast  is  approached,  however, 
this  no  longer  is  valid.  Here  the  tidal  currents  have  a great  deal  more  energy, 
and  the  use  of  the  spectral  gap  at  less  than  6 hr  is  required.  Except  for 
tides,  the  Nyquist  criterion  is  probably  not  adequate  for  resolving  a geo- 
physical random  variable,  and  one  would  like  to  sample  at  3-hr  Intervals  in 
order  to  define  other  semidiurnal  processes. 
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Figure  5.1  Kinetic  energy  spectrum  of  current  meter  records  taken  in 
water  2600-m  deep  at  39.3°N,  70°W  by  the  Woods  Hole  Oceanographic 
Institution.  The  area  under  the  spectral  curve  is  kept  proportional  to 
total  kinetic  energy  in  this  energy  versus  log  frequency  plot.  Note  that 
a displacement  spectrum  differs  from  this  kinetic  energy  spectrum  in  that 
high  frequency  data  would  be  much  lower  in  amplitude. 
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As  alluded  to  earlier,  the  spatial  resolution  can  be  used  to  limit  what 
high  frequency  processes  are  observable.  For  example  in  deep  water,  swell 
with  a period  of  10  sec  has  a wavelength  of  156  m.  Since  the  radiance  (N)  in 
a scanspot  is  the  integral  of  each  element  dN,  the  reflection  pattern  of  sun- 
light, which  varies  with  wave  height  within  the  scanspot,  is  lost.  Most  of 
the  high  frequency  energy  has  periods  less  than  20  sec;  to  eliminate  waves  c£ 
that  period,  a spot  size  of  625  m is  required. 

A study  of  the  effect  of  different  spatial  scales  is  given  in  figure  5.2. 
Figure  5.2a  is  an  S190B  Skylab  photograph  of  the  Straits  of  Florida  showing 
a mass  of  Florida  Bay  water  which  has  flowed  through  the  pass  just  west  of 
Marquesa  Key  into  the  strait.  Figure  5.2b  is  an  S190A  Skylab  photograph  of 
the  same  feature  taken  on  8 January  1974.  Spatial  resolution  of  S190A  is 
~30  m and  that  of  S190B  is  -10  m.  An  ERTS  image  at  the  same  time  was  not 
available;  however,  on  31  October  1972,  an  observation  of  a similar  event 
occurred  (fig  5.2c;  see  also  fig.  4.9).  ERTS  has  a scanspot  size  of 
approximately  80  ui  at  the  nadir.  The  ERTS  resolution  could  be  degraded 
by  averaging  the  scanspot  matrix  into  blocks  of  2,  5,  and  10.  This  corre- 
sponds to  equivalent  scanspot  sizes  of  160,  400,  and  800  m for  figures 
5. 2d,  e,  and  f,  respectively.  All  images  in  figure  5.2  are  printed  at  the 
same  scale. 

Major  features  in  the  bottom  topography  are  discernable  up  to  160-m 
resolution,  but  degrade  rapidly  after  that.  The  shoreline  of  Marquesa  Key 
loses  its  distinctiveness  for  mapping  and  identification  purposes  when  the 
resolution  is  less  than  that  in  figure  5. 2d.  However,  the  major  circulation 
feature  in  the  sequence  is  still  clear  at  400-m  resolution  and  somewhat  less 
distinct  at  800-m  resolution.  Thus,  water  mass  features  of  this  scale  in  the 
coastal  zone  are  usefully  detected  with  resolutions  of  about  400  m.  Judging 
from  other  Images  (not  shown)  that  show  river  plumes  and  waste  dumping  sites, 
the  400-m  resolution  is  an  appealing  near  upper  limit.  A spot  size  of  this 
magnitude  should  be  considered  in  light  of  the  signal- to-nolse  requirements 
of  an  ocean  color  sensor  which  must  have  narrower  optical  spectral  bandwith 
than  ERTS  and  indeed  may  specify  those  bandwidths  (see  also  section  4.2). 

The  above  considerations  were  all  made  without  acknowledging  one  funda- 
mental assumption:  The  data  flow  was  assumed  to  be  continuous.  This  is  an 
unrealistic  assumption  for  any  sensor  in  the  0.4-  to  Ib-pm  wavelength  region 
of  the  electromagnetic  spectrum  because  the  normal  state  of  the  atmosphere  is 
cloudy.  To  fill  the  gaps  caused  by  the  opaqueness  of  clouds,  both  temporal 
and  spatial  compositing  is  required.  In  midlatitudes,  where  atmospheric  * 
cyclonic  waves  have  periods  of  about  5 days,  variations  in  ocean  color  or 
temperature  of  not  less  than  10  days  are  then  observable;  this  is  adequate 
for  Gulf  Stream  meanders  and  eddies.  In  the  subtropics  and  tropics,  the  cloud- 
iness is  more  nearly  a diurnal  event  and  higher  frequencies  can  be  detected 
such  as  Florida  Current  oscillations  (periods  of  4 to  6 days,  Duing,  1973). 
Further,  the  subtropical  clouds  are  typically  1 km  in  diameter  and  can  be 
identified  individually  with  a 400-m  resolution  scanspot;  this  is  not  the  case 
in  the  higher  latitudes  where  cloud  cover  is  more  extensive  areally. 

The  spatial  resolution  requirements  for  ocean  currents  must  then  be 
broken  down  into  what  area  is  being  studied  and  for  what  reason. 
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Figure  5.2  Negative  prints  of  Marquess  Key  in  the  Florida  Keys  showing  water 
from  Florida  Bay  to  the  north  flowing  into  the  straits,  a)  S190B  black 
and  white  contrast-enhanced  photograph,  b)  S190A  color  photograph,  printed 
in  black  and  white  and  contrast-enhanced,  c)  Original  ERTS  MSS-4  image,  com- 
puter-contrast-stretched. d)  ERTS  image  in  (c)  with  data  matrix  blocked  off 
in  2x2  units  of  original  enhanced  image,  e)  ERTS  image  in  (c)  with  5x5  block- 
ing. f)  ERTS  image  in  (c)  with  10x10  blocking.  Photographs  were  taken  by 
Skylab  on  8 January  1974;  ERTS  Images  on  31  October  1972. 
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Certainly  the  8-km  resolution  of  the  SMS-GOES  Infrared  sensor  or  the  NOAA 
scanning  radiometer  is  adequate  for  location  of  the  major  features  of  the 
Gulf  Stream.  It  is  not  adequate  for  studies  of  the  fine-scale  (10-15  km) 
eddies  along  the  stream's  cyclonic  front  or  for  Florida  Current  oscillations 
whose  lateral  extent  may  be  of  the  order  of  10  km.  For  such  scale  phenomenoi\ 
the  NOAA-VHRR  or  Air  Force  DAPP  data  are  spatially  acceptable.  On  the  other 
hand,  ERTS  data  are  more  than  adequate  for  the  major  coastal  circulation 
features  spatially,  but  temporally  it  is  wholly  Inadequate  because  of  its  18- 
day  observation  schedule. 

In  summary,  there  is  a direct  correlation  between  temporal  and  spatial 
requirements,  and  any  sensing  system  must  have  the  observational  flexibility 
to  accomplish  the  goal.  Specifically,  the  following  minimum  requirements  are 
noted:  scanspot  size  for  the  open  ocean  and  shelf  areas  not  more  than  10  km 
with  periods  not  more  than  24  hr;  scanspot  size  for  the  coastal  zone  not 
more  than  500  m with  periods  of  about  3 hr;  as  an  aside,  scanspot  size  for 
internal  wave  observations  not  more  than  25  m with  periods  of  about  10  min 
and,  for  surface  waves,  1-m  resolution  and  1-sec  periods.  ERTS  data  are  spatially 
adequate  for  oceanography  including  certain  Internal  wave  observations,  but 
they  are  not  adequate  temporally  except  for  the  utility  of  chance  observations 
and  to  demonstrate  the  feasibility  of  sensing  ocean  color  through  the  atmosphere. 

5.2  Some  Features  of  the  Current  Usefully  Observed  From  Satellites 

As  discussed  in  the  previous  section,  the  ERTS  data  would  be  capable  of 
providing  adequate  observations  of  the  Gulf  Loop  Current  if  the  orbital 
parameters  of  the  vehicle  were  different.  To  assess  the  usefulness  of  a 
satellite  time  series,  the  pathlines  of  the  22°C  isotherm  at  100  m will  be 
discussed  as  if  they  were  remotely  sensed  data.  Since  the  pathlines  are  about 
15  km  to  the  right  of  the  cyclonic  edge  (facing  downstream),  they  will  be 
treated  as  if  they  were  that  edge  for  this  analysis. 

As  shown  in  figure  4.13,  both  the  direction  of  the  current  and  the  prox- 
imity to  the  Yucatan  coast  can  be  observed  by  remote  sensing.  Several 
investigators  have  related  the  behavior  of  the  Yucatan  Current  and  the  Gulf 
Loop  Current  to  the  direction  of  flow  through  the  Yucatan  Strait:  Simple 

dynamic  models  of  the  Gulf  Loop  Current  such  as  those  by  Ichiye  (1962)  and 
Reid  (1972)  suggest  that  the  penetration  of  the  Yucatan  Current  into  the 
Gulf  depends  on  the  flow  direction.  Molinari  and  Cochrane  (1972)  studied 
the  Influence  of  bottom  topography  and  concluded  that  when  the  Yucatan 
Current  is  close  to  the  coast,  topography  controls  the  flow  through  the 
conservation  of  potential  vorticlty. 

The  potential  vorticity  conserving  model  of  Ichiye  and  Reid,  in  natural 
coordinates  for  a two-layer  ocean  with  the  lower  layer  at  rest,  is  given  by 

KV  - ^ + f 
9n 


D 


= constant. 


where  K is  curvature,  V is  velocity  along  a streamline,  n is  the  coordinate 
normal  to  the  velocity  vector,  positive  to  the  left  facing  downstream,  f is 
the  Coriolis  parameter,  and  D is  the  depth  of  the  upper  layer.  In  the  path- 
lines given  in  section  3.2,  D is  a constant  100  m.  If  it  is  assumed  that  the 
velocity  core  is  a streamline  whose  neighboring  streamlines  are  nearly  equi- 
distant, 3V/9n  is  also  constant.  For  that  case,  Ichiye  and  Reid's  work 
gives 


V = 4 P^6  , 


(5.2) 


where  p is  the  penetration  of  the  streamline  into  the  Gulf,  and  6 is  the 
meridional  variation  of  f.  To  apply  such  a two-layer  model  to  nature,  the 
velocity  in  the  upper  layer  is  considered  an  average  value.  For  the  range  of 
penetration  distances  observed  in  this  work,  210  to  750  km,  V would  have  to 
vary  from  A4  to  562  cm  sec~^  at  Yucatan. 


Reid  was  careful  to  point  out  that  the  model  only  holds  in  deep  water, 
that  is,  north  of  Campeche  Bank.  A simple  translation  of  the  coordinates  to 
account  for  this  would  make  the  lower  velocity  limits  too  small.  If,  however, 
the  model  is  applied  north  of  Campeche  during  those  months  when  bottom  top- 
ography controls  the  flow  as  far  as  23°30'N  (Molinari  and  Cochrane,  1972), 
and  at  the  latitude  of  Cabo  San  Antonio  at  other  times,  then  the  velocity 
range  is  AA  to  303  cm  sec~^ (excluding  August  1973).  For  the  cyclonic  turning 
from  the  Gulf  into  the  Straits  of  Florida,  velocities  would  have  to  be  less 
than  50  cm  sec  ^ to  match  the  curvature.  AA  to  50  cm  sec  ^ is  a reasonable 
value  for  the  average  surface  value,  but  303  cm  sec  ^ is  beyond  the  range  of 
observations.  These  data  suggest  that  a geostrophic  deep-water  potential 
vorticity-conserviag  model  is  not  an  adequate  explanation. 

During  the  February,  March,  April-May,  June,  and  July  1973  cruises,  the 
22°C  indicator  closely  follows  the  100-m  isobath  from  the  Yucatan  Strait 
almost  to  2A*N.  Molinari  and  Cochrane  used  (5.1)  to  study  the  effect  of 
topographic  control;  they  assumed  a homogeneous  fluid  with  water  depth  D. 

From  figure  3.2,  it  can  be  seen  that  the  bottom  topography  of  Campeche  Bank 
does  not  control  the  current  during  August,  September,  October-November,  and 
December  1972,  or  September  1973.  The  Yucatan  Current  is  farther  to  the  west 
during  periods  when  surface  velocities  are  highest,  and  these  are  also  the 
months  where  the  Indicator  hugs  Campeche  Bank.  Thus,  when  the  current  is 
strongest,  in  spring  and  summer  (Molinari  and  Cochrane  did  their  analysis  on 
data  observed  in  May  1962,  1965,  and  1966),  and  is  farther  to  the  west,  the 
velocity  near  the  bottom  may  be  sufficient  for  equation  (5.1)  to  describe 
the  dynamics  coarsely. 

It  is  useful  to  compare  pathlines  of  the  22°C  isotherm  with  historical 
data  averaged  by  months.  Robinson's  (1973)  atlas  clearly  shows  that  the 
minimum  penetration  of  the  Loop  occurs  in  March  and  April,  whereas  the  maxima 
are  in  August  and  September.  Whitaker's  (1971)  averages  show  that  the  minimum 
is  in  November  and  the  maxima  are  in  May  and  October.  Lelpper  found  minima  in 
August  1965  and  November  1965  and  a maximum  in  August-October  1966.  From 
figure  3.2,  it  is  seen  that  the  minimum  here  occurred  in  October-November 
and  the  maximum  in  July-August.  This  summary  points  out  the  high  degree  of 
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ter.poral  variability  in  the  Gulf  Loop  Current  and  emphasizes  that  the  data 
obtained  in  this  study  are  not  to  be  considered  as  a final  description  of 
the  cycle. 


200  400  600  800 

PENETRATION  (KILOMETERS) 


Figure  5.3  Distance  that  the  22°C  isotherm  at  100-m  depth  was  found  from 
Cosgrove  Lighthouse  (northern  terminus  of  the  Straits  of  Florida  trans- 
ects) versus  distance  from  Cabo  San  Antonio  to  the  northern  penetration  of 
the  current  into  the  Gulf  of  Mexico.  The  heavy  line  is  the  least-squares 
fit  to  the  data.  The  point  at  55  and  400  km  represents  a case  where 
the  indicator  was  near  100  m for  three  STD  stations,  but  was  chosen  to  be 
the  first  crossing  from  north  to  south  for  consistency. 


One  Interesting  kinematic  result  is  summarized  in  figure  5.3.  The 
northern  terminus  of  the  Florida-Cuba  section  was  near  Cosgrove  Lighthouse. 

The  horizontal  distance  between  the  navigation  aid  and  the  22°C  isotherm  at 
100-m  depth  is  plotted  against  the  northern  extent  of  the  indicator  into  the 
Gulf  as  measured  from  Cabo  San  Antonio.  The  solid  line  through  the  data  is 
the  second-degree  least-squares  polynomial.  The  farther  north  that  the 
current  penetrates  into  the  Gulf,  the  farther  south  it  was  found  in  the 
Straits  of  Florida.  This  relationship  eventually  must  break  down.  Topography 
is  a limiting  factor  in  causing  this,  since  the  current  must  be  turned  by 
the  Cuban  coast  (see  especially  the  July  and  August  1973  cruise  tracks). 
Paskausky  and  Reid's  (1972)  numerical  model  also  shows  that  the  current  flows 
close  to  Cuba  when  the  penetration  of  the  Loop  Current  is  greatest.  This 
suggests  that  topography  limits  the  description  of  this  current  as  an 
inertial  flow  and  contributes  to  the  apparent  curvature  of  the  data  in 
figure  5.3.  There  are  no  analytic  models  of  inertial  currents  that  incorporate 
bottom  topography  against  which  these  observations  can  be  tested. 

The  salt  and  heat  balance  in  the  Gulf  of  Mexico  is  a problem  to  which 
satellite  data  may  be  applied.  The  volume  of  water  necessary  to  make  the  Loop 
grow  can  be  estimated  from  the  length  of  the  pathlines  which  can  be  measured 
from  satellite  images.  Assuming  a mean  depth  of  500  m.  pathline  measurements 
show  that  64,000  km^  of  resident  Gulf  water  must  be  displaced  by  Yucatan 
water  in  the  6 months  that  the  Loop  grows.  The  excess  transport  of  Yucatan 
water  into  the  Gulf  in  this  period  averages  4.1  x 10®  m^  sec~*.  Continuity 
requires  that  this  Inflow  must  be  balanced  by  a discharge  as  will  be  dis- 
cussed below. 

As  an  independent  check  on  the  above  value,  sea-level  records  were 
studied.  Cochrane  (1965)  showed  that  there  is  a good  correlation  between  the 
monthly  sea-level  difference  between  Habana  and  Progreso  and  the  average 
ship  drift  in  the  western  Yucatan  Strait.  Approximately  the  transport  (T) 
difference  between  Yucatan  and  Florida  should  be  reflected  in  the  sea-level 
data.  Marmer's  (1954)  mean  monthly  sea-level  data,  uncorrected  for  barometric 
differences,  are  used.  The  stations  are  Habana  (1947-1950),  Key  West  (1930- 
1948),  and  Progreso  (1947-1950).  Each  of  these  stations  show  a characteris- 
tic rise  in  sea  level  to  a maximum  in  September  or  October  and  a minimum  in 
February  or  March  in  response  to  the  annual  steric  cycle  range  of  + 15  cm. 

For  a geostrophically  balanced  barotropic  flow,  the  transport  difference 

between  the  Habana-Progreso  (T  -K)  is  given  by 

n 

VP  - Tr  -K  = fiz  ^ ’ 

f P (5.3) 

where  g is  gravity,  z is  depth,  hj^  is  the  monthly  sea  level  at  Key  West,  hp 
is  at  Progreso,  and  C = (Hj^  - Kp)gz/f,  where  the  overbars  denote  mean  annual 
sea  level.  Progreso  and  Key  West  are  on  the  same  side  of  the  current,  and  it 
is  assumed  that  mean  sea  level  along  the  coast  is  approximately  the  same; 
therefore  C“0.  During  the  period  that  the  Loop  is  growing,  the  difference 
hj^-h  ■ 4.88  cm.  The  transport  difference  calculated  from  (5.3),  assuming 
agalS  the  current  to  be  500  m deep,  is  3.8  x 10®  m^sec"^  during  this  period. 
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By  two  Independent  methods,  it  is  shown  that  there  must  be  an  excess  in- 
flow of  Yucatan  water.  Jacobs  (1951)  estimated  that  evaporation  exceeds  pre- 
cipitation in  the  Gulf  by  35  cm  per  year.  This  would  account  for  only  0.02  x 
10®  X m^  sec"^  excess  of  inflow.  Sea  level  in  the  Gulf  does  not  rise  34.5  m 
in  6 months  as  implied  by  excess  inflow,  and  Wennekens  estimated  very  little 
Gulf  of  Mexico  water  exits  the  Straits  of  Florida.  This  implies  that  Hansen's 
(1972)  and  Schlitz's  (1973)  direct  measurements  of  a net  south  drift  at  the 
bottom  of  the  Yucatan  Strait  may  have  detected  the  major  source  of  discharge. 
Schlitz's  estimate  of  the  southward  transport  through  the  Yucatan  Strait, 
based  on  April  1970  data,  is  4 x 10®  m^  sec~^  which  is  in  excellent  agree- 
ment with  this  discussion. 

The  area  enclosed  by  the  22°C  isotherm  at  100-m  depth  along  the  line 
from  Cosgrove  Lighthouse  to  Habana,  along  the  Cuban  coast  to  Cabo  San  Antonio 
and  across  to  Isla  Contoy,  was  estimated  using  a polar  planimeter  from  figure 
3.2.  The  area  enclosed  by  the  Loop  Current  defines  a volume  of  Yucatan  water, 
and  its  annual  cycle  should  be  related  to  volume  transports.  As  a first 
estimate,  the  transports  are  assumed  proportional  to  current  velocities 
through  the  Yucatan  Strait,  as  estimated  from  Cochrane's  ship  drift  studies. 

The  comparative  results  are  plotted  in  figure  5.4.  The  sharp  decrease  in  area 
between  August  and  September  1973  is  due  to  the  separation  of  the  anticyclonlc 
eddy  discussed  in  section  3.2.  A clear  correlation  exists  between  area  and 
current  velocities,  with  little  phase  lag  between  transport  and  the  area 
covered  by  the  current  system.  The  numerical  models  of  Wert  and  Reid  (1972) 
and  Paskausky  and  Reid  (1972)  attempted  to  relate  the  penetration  of  the  Gulf 
Loop  Current  to  changes  in  the  vorticity  distribution  or  velocity  field  of  the 
Yucatan  Current,  but  they  kept  the  volume  transport  constant;  Ichiye  (1972) 
used  changes  in  the  Yucatan  velocity  in  a rotating  tank  model,  but  did  not 
relate  the  velocities  to  the  penetration.  There  are  no  established  relation- 
ships between  velocity  or  vorticity  fields  in  the  Yucatan  Current  with  trans- 
ports, nor  are  there  any  models  (except  indirectly  Reid  (1972)  or  Ichiye 
(1962))  which  use  changes  in  transport  to  drive  the  circulation  in  the  Gulf 
of  Mexico. 

If  the  difference  in  area  between  August  and  September  1973  in  figure  5.4 
is  used  as  an  estimate  of  the  eddy  size,  89,000  km^  of  Yucatan  water  has  been 
exchanged  into  the  Gulf.  A characteristic  length  scale  for  the  eddy  is  its 
diameter  (L) . The  Austausch  coefficient  is  proportional  to  L^/t  and,  for  a t 
of  1 year,  this  calculates  to  be  a coefficient  of  3.6  x 10^  cm^  sec 
Paskausky  and  Reid  used  1 x 10®  cm^  sec"^  in  their  barotropic  model;  Wert  and 
Reid  selected  5 x 10®  cm^  sec'^for  the  lateral  friction  coefficient  in  their 
baroclinic  model,  Ichiye  (1972)  chose  parameters  in  a physical  model  that 
make  the  corresponding  horizontal  Austausch  coefficient  1.8  x 10®  cm^  sec“^. 
These  values  are  approximately  an  order  of  magnitude  less  than  estimated  from 
the  eddy  separation.  It  would  be  a useful  theoretical  problem  to  relate  surface 
areas  such  as  this  to  estimates  of  exchange  coefficients  and  processes. 

In  summary,  treating  the  time  series  as  if  it  were  satellite  data  has 
Illustrated  several  useful  applications  to  physical  oceanography.  Potential 
vorticity- conserving  models,  used  for  estimating  penetration  (5.2)  and  topo- 
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Figure  5.4  Annual  cycle  of  surface  area,  enclosed  by  the  22“C  isotherm  in 
the  Gulf  and  the  Key  West-Habana-Cabo  San  Antonlo-Isla  Contoy  boundary,  is 
the  solid  line.  Dashed  line  is  the  annual  cycle  of  surface  velocities  as 
estimated  by  Cochrane  (1965)  for  the  Yucatan  Current  from  ship  drift  reports 
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graphic  control,  are  not  adequate  In  explaining  the  data  set  obtained  as  part 
of  this  research  (fig.  3.2).  Comparisons  with  atlases  and  Leipper's  (1970) 
sequence  show  that  there  is  a great  deal  of  variability  in  the  current  pattern  ; 
that  variability  could  be  investigated  with  continued  satellite  studies.  The 
kinematic  observation  given  in  figure  5.3  suggests  that  a productive  inter- 
play between  remote  sensing  and  conventional  oceanography  is  the  usefulness 
of  satellite  data  in  "tuning"  numerical  models.  Finally,  estimates  of  the 
excess  inflow  of  Yucatan  water  during  Loop  growth  can  be  made  by  areal 
measurements  of  satellite-sensed  coverage. 

5.3  Suggestions  for  Future  Research 

The  ship  pathlines  observed  in  this  study  were  planned  to  give  adequate 
ground  truth  for  the  satellite  observations.  Their  contribution  to  the 
physical  oceanography  of  the  Gulf  of  Mexico  has  not  been  fully  exploited. 

Figure  5.4  suggests  that  the  cycle  of  the  Gulf  Loop  Current  is  related  to  the 
changing  transport  of  the  Yucatan  Current.  The  numerical  models  referred  to 
in  section  5.2  used  changing  distributions  of  the  velocity  field  or  the 
vorticity  field  in  the  Yucatan  Strait  as  a varying  boundary  condition.  The 
hydrographic  data  across  this  channel  should  be  studied  to  determine  if  there 
is  a relationship  between  transport,  surface  velocity,  and  vorticity  and  thus  to 
specify  the  dominant  driving  mechanisms  for  the  annual  cycle. 

As  noted  in  section  5.2,  the  Gulf  of  Mexico  has  a net  excess  of  evapor- 
ation over  precipitation  (E>P) . It  is  for  this  reason  that  the  basin  is 
called  the  American  Mediterranean.  C.G.H.  Rooth  (personal  communication)  has 
raised  the  question  of  the  salt  balance  problem  for  the  Gulf  since  not  only 
does  E>P  contribute  to  higher  salinities,  the  separation  of  an  antlcyclonic 
eddy  contains  the  core  of  the  Subtropical  Underwater  must  also  add  salt. 

Since  there  is  no  evidence  that  the  Gulf  of  Mexico  salinities  are  increasing, 
a Mediterranean- type  circulation  may  be  superimposed.  The  other  possibility  is 
that  salinity  in  the  Straits  of  Florida  is  slightly  higher  than  in  the  Yucatan 
Strait.  Estimates  of  the  net  salt  flux  may  be  possible  from  the  hydrographic 
transect  data. 

During  the  January-June  1973  phase  of  this  study,  infrared  and  visible 
data  from  the  NOAA-2  satellite  scanning  radiometer  were  archived.  The  ERTS 
visible  data  have  been  shown  to  have  a Gaussian  frequency  distribution  in 
section  4.3.  An  initial  evaluation  of  the  NOAA-2  visible  data  show  that  the 
distribution  is  positively  skewed  when  clouds  partially  fill  the  scene. 

Skewness  then  is  applicable  as  a test  for  determining  the  radiance  range  of 
visible  data  that  are  cloud-free.  This  allows  a scanspot-by-scanspot  test  as 
to  whether  an  infrared  data  point  is  cloud-free.  The  acceptable  infrared  data 
can  then  be  corrected  for  atmospheric  transmittance,  using  the  technique  pro- 
posed by  Maul  and  Sidran  (1973),  and  then  mapped  with  consideration  to 
objective  analysis  (Gandln,  1963). 

During  the  course  of  this  research,  approximately  325  reflectance  spectra 
were  observed  in  the  eastern  Gulf  of  Mexico.  This  data  set  represents  spectra 
from  these  waters,  for  which  the  chlorophyll-a  concentration  and  volume- 
scattering  function  are  known.  Baig  and  Yentsch  (1969)  have  shown  that  a suite 
of  spectra  can  be  represented  by  linear  combination  of  their  average  and  three 
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eigenvectors.  Using  a multiple  forward-selection  procedure,  it  is  possible 
to  extend  Baig  and  Yentsch's  results  and  specify  several  wavelengths  (say 
three  or  four)  needed  to  reconstruct  a spectrum  (S.  Baig,  personal  commu- 
nication). Thus,  the  specification  of  the  most  important  wavelengths  for  an 
ocean  color  sensor,  needed  to  reconstruct  the  spectrum,  can  be  accomplished 
in  an  objective  manner. 

The  study  of  climate  is  fast  becoming  an  important  and  popular  research 
topic.  An  important  variable  in  climate  modelling  is  the  albedo  of  the  Earth. 
The  data  in  figure  4.8  and  the  discussion  in  section  4.1  on  the  effect  of  sea 
state  on  upwelling  radiation  show  that  the  albedo  of  the  sea  changes  with 
changing  wind  speed.  Thus,  a feedback  mechanism  in  climate  studies  (that  has 
not  been  addressed)  is  the  air-sea  interaction  effect  on  climate.  If  the 
mean  wind  speed  changes  as  the  climate  changes,  the  albedo  of  the  Earth  will 
also  change,  and  this  will  cause  a change  in  the  radiation  balance  of  the 
Earth  in  the  visible  region  of  the  spectrum.  The  Importance  of  this  has  not 
been  assessed  in  the  recent  literature  and  could  very  profitably  be  studied 
by  satellite  techniques. 

Finally,  as  noted  in  section  4.1,  the  most  efficient  means  of  analyzing 
spectra  will  probably  be  to  compute  best  fits  of  theoretical  spectra  to 
observations.  These  spectra  must  then  be  related  to  the  biological  and 
optical  aspects  of  the  water  under  study.  Phytoplankton  samples  have  been 
obtained  and  sorted  by  Ednoff  (1974)  for  many  of  the  spectra.  Thus,  a catalog 
of  spectra  for  the  area  can  be  initiated  for  which  the  theoretical  parameters 
and  observational  variables  are  known.  It  is  not  until  sufficient  spectra 
with  known  relationships  to  the  marine  environment  are  available  that  space- 
craft observations  can  be  utilized  to  their  full  potential. 
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6.  CONCLUSION 


This  research  has  been  primarily  undertaken  to  evaluate  the  use  of  an 
ocean-color-sensing  satellite  (ERTS)  for  observing  currents  in  the  subtropics. 
The  Gulf  of  Mexico  was  chosen  as  a test  site  because  there  the  cyclonic 
boundary  of  the  Gulf  Loop  Current  cannot  be  detected  by  infrared  techniques 
during  the  summer,  and  this  current  is  the  major  circulation  feature  of  the 
eastern  Gulf.  The  ground-truth  pathlines  (fig.  6.1)  provide  measurements  of 
the  seasonality  of  several  optical  properties  across  the  current  as  well  as 
a proper  history  of  the  flow  Itself  for  comparison  with  satellite  data  and 
for  basic  oceanography. 


Figure  f.l  Conplliation  of  pathllncs  of  the  22*C  isotherm  at  100-m  depth 
from  August  1972  through  September  1973  (see  also  fig.  3.2).  Where  the 
indicator  Isotherm  intersected  the  bottom  topography,  a dashed  line  is  used 
to  estimate  its  position  from  the  other  thermal  data.  Where  the  cruise  start- 
ed in  1 month  and  ended  in  another,  both  months  are  indicated.  100-m  iso- 
bath is  Indicated  by  a dash-dot  line  and  it  represents  very  closely  the 
shelf  break  and  escarpment  zone. 
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From  the  results  of  this  study,  it  has  been  shown  that: 


(1.)  Using  color-sensing  satellites  to  detect  the  Gulf  Loop  Current 
(and  other  baroclinic  flows)  is  feasible,  but  ERTS  is  not  an 
ideal  vehicle  because  of  sensor  gain  settings,  multispectral 
scanner  channel  wavelengths,  and  the  18-day  revisit  cycle 
(section  5.2) . 

(2.)  Currents  can  be  detected  by  color  sensing  satellites  in  three 
ways:  by  a color  change  across  the  cyclonic  boundary  (changes 
in  the  optical  properties  of  the  water) , by  a change  in  sea 
state  at  that  boundary  (changes  in  surface  albedo) , and  by 
changes  in  the  glitter  patterns  which  delimit  circulation 
patterns  (sections  4.3  and  4.4). 

(3.)  Variations  in  chlorophyll-a  concentrations  and  volume- 
scattering function  throughout  the  year  are  such  that  there 
is  not  a significant  permanent  color  signature  of  the  cyclonic 
boundary  at  all  times.  This  data  set,  however,  suggests  that  a 
combination  of  visible  and  Infrared  remote  sensing  can  potenti- 
ally locate  the  Gulf  Loop  Current  throughout  the  year  (sections 
3 . 1 and  4.3). 

(4.)  Shipboard  observations  of  upwelling  spectral  irradiance  show 

that  clustering  techniques  can  differentiate  between  Gulf  Stream 
water,  coastal  waters,  and  plankton  blooms,  but  the  ratio  or 
difference  of  radiance  methods  gives  ambiguous  results.  Important 
wavelengths  identified  for  future  ocean  color  sensors  are:  470, 
530,  655,  675,  and  1000  nm  (sections  4.1  and  4.2). 

(5.)  Evidence  for  turbulence  embedded  in  the  core  of  the  Gulf  Loop 
Current  is  obtained  from  comparing  velocity  profiles  across  the 
Yucatan  Strait  with  satellite  imagery.  Two  sources  of  turbulence 
are  tentatively  identified:  shear  instability  and  topographic 
influence  (section  4.4). 

(6.)  The  average  separation  between  the  satellite-sensed  front  of  the 
Gulf  Loop  Current  and  the  22°C  isotherm  at  100  m or  the  15°C 
Isotherm  at  200  m is  approximately  15  km.  Curvature  effects  have 
been  shown  to  alter  significantly  the  separation  between  the 
surface  front  and  the  indicator  Isotherms  (sections  3.1  and  3.3). 


(7.)  An  unambiguous  time  series  of  the  Gulf  Loop  Current  based  on 
ship  observations  shows  that  Lelpper*s  (1970)  proposition  is 
correct  in  that  there  is  an  annual  cycle  of  growth  and  decay, 
but  that  year-by-year  variability  in  the  patterns  is  signifi- 
cant. An  antlcyclonlc  eddy  separation  is  shown  to  have  occ,:rred 
at  least  once  each  year  in  the  last  5 years  (section  3.3). 
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(8.)  The  annual  cycle  of  growth,  eddy  separation,  and  decay  is  in 
phase  with  the  annual  cycle  of  transport  of  the  Gulf  Stream 
System.  During  the  period  that  the  Gulf  Loop  Current  is  growing, 
resident  Gulf  of  Mexico  waters  must  be  displaced;  this  requires 
that  4 X 10®  m^  sec"^  more  Yucatan  water  enters  the  basin  in 
the  upper  layers  than  leaves  through  the  Straits  of  Florida 
(section  5.2). 

(9.)  Radiance  range  of  ERTS  bandpass  sensors  for  the  ocean  is 

estimated  from  the  computer- enhanced  images  to  be  (cf.  table  2.1): 

MSS  Range  (m  W cm'^sr”^) 

4 0.15  - 0.75 

5 0.05  - 0.35 

6 0.05  - 0.25 

7 0.05  - 0.40 

Contrast- stretching  is  required  to  obtain  useful  oceano- 
graphic information  from  ERTS  (section  4.3). 
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9 . APPENDIXES 


APPENDIX  A 


In  this  section,  several  ERTS-1  images  of  the  Gulf  Stream  System  are 
summarized.  Each  of  the  selected  images  used  in  this  report  are  located  in 
figure  A.l.  Frame  numbers  1,  2,  3,  4,  and  5 were  discussed  in  the  body  of  the 
text  and  will  not  be  repeated  here.  The  selected  Images  are  from  the  area  of 
concern  as  stated  in  the  title;  this  does  not  mean  that  these  were  the  only 
good  Images  of  the  current.  About  10%  of  the  Images  received  that  passed  the 
60%  cloud  cutoff  criterion  actually  had  ocean  current  Information.  The  rest 
were  either  in  the  wrong  area  or  the  current  was  not  visible;  the  latter 
cause  accounted  for  about  25%  of  the  null  information. 


Figure  A. 2 was  used  by  Maul  and  Gordon  (1974)  to  study  the  capability  of 
ERTS  to  determine  the  particle  concentration.  In  that  study,  they  showed  that 
if 

• constant, 

MSS -5 

(A.l) 


then 


V MSS-4  or~5  « Vbp/by  , 


(A. 2) 


which  is  in  turn  proportional  to  the  gradient  of  the  particle  concentration. 
Along  the  scanline  shown  in  figure  A. 2,  the  gradient  in  MSS-4  and  MSS-5  has 
been  computed  using  several  filters;  the  correlation  coefficient  (r)  has 
been  computed  for  each  filter  pair  as  well.  The  results  of  using  different 
low  pass  filters  and  filter  lengths  are  summarized  in  figure  A. 3. 

The  general  trend  is  that  r increases  with  longer  filter  kernels  and 
with  lower  pass  filters.  This  means  that  the  gradient  on  the  Earth's  surface 
with  8*km  (100  sample  low  pass)  spatial  scale  has  greater  coherence  between 
bands.  It  is  not  certain  as  to  why  the  small-scale  correlation  coefficient 
is  so  low.  This  area  has  significant  amounts  of  coastal  sediments  which  are 
rich  in  organics,  and  thus  the  Gelbstoff  concentrations  probably  vary  over  a 
wide  range. 

In  the  images  to  follow,  the  interpretations  given  are  based  on  the 
discussion  in  the  text.  Only  one  band  is  given  in  the  appendix,  but  all  were 
studied  for  Interpretation.  Clouds  were  identified  in  MSS-6  and  MSS-7  and 
were  optically  masked  out  of  the  image  before  study,  so  that  the  data  dis- 
cussed are  water  phenomenon  and  not  an  atmospheric  contribution.  Water  color 
shift  from  green  to  blue  was  made  by  studying  whether  the  variation  in  MSS-4 
disappeared  in  MSS-5;  if  so,  the  color  of  low  radiance  scanspots  in  MSS-4 
must  be  bluer  than  the  higher  radiance  data.  Similarly  sediments  are  not 
seen  in  MSS-7  or  frequently  even  in  MSS-6;  clouds  are  always  seen  in  all 
four  channels.  The  Images  are  presented  for  the  general  use  of  other  marine 
scientists  without  discussion  except  for  the  figure  captions. 
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Figure  A.l  Location  map  of  selected  Images  in  appendix  A.  Images  1,  2,  3, 
4,  and  5 were  discussed  In  the  text  and  are  not  repeated  here.  Images 
6-17  are  labeled  figures  A.6-A.17:  There  Is  no  figure  A. 5,  and  figures  A.l 

and  A. 4 are  used  for  introductory  discussion. 
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Figure  A. 2 Contrast-stretched  (4<DN£12;  n=2)  negative  MSS-5  image  of  the 
ocean  area  offshore  of  Cape  Hatteras  (ERTS  ID  1132-15042),  observed  on  2 
December  1972.  The  Gulf  Stream  can  be  seen  as  the  bright  area  to  the  south 
of  the  entrained  sediment  from  the  coastal  estuaries.  The  least-squares  fit 
of  (A.l)  was  done  along  the  scanline  north  of  the  Cape  and  extending  from 
nearshore,  through  the  suspended  sediment,  and  into  the  current.  Extensions 
of  this  plume  were  observed  for  150  km  farther  east  on  other  ERTS  Images. 
Horizontal  distance  across  the  image  is  135  km. 
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Figure  A. 3 Gradient  of  radiance  received  at  the  satellite  in  MSS-4  along  the 
scanline  shown  in  figure  A. 2.  Scanspot  numbers  arbitrarily  start  at  1 
which  is  just  off  the  image  in  the  previous  figure  and  over  the  coast. 
Correlation  coefficient  (r)  for  the  MSS-4,  MSS-5  linear  correlation  is: 
upper  - 10  sample  low  pass  (199  element  kernel),  r-0.085;  middle  - 100  sample 
low  pass  (59  element  kernel),  r-0.398;  lower  - 100  sample  low  pass  (159 
element  kernel),  r=0.698.  Compare  with  figure  A. 4 for  100  sample  low  pass 
using  199  elements  in  the  filter  kernel,  where  r-0.740. 
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Figure  A. 4 Gradient  of  radiance  in  MSS-4  and  MSS-5  along  the  scanline  shown 
in  figure  A. 2,  using  a 100  sample  low  pass  filter  (199  element  kernel). 
The  linear  correlation  coefficient  (r)  is  0.740  for  this  filter.  These  data 
suggest  that  VMSS-4  or  VMSS-5  is  a good  estimate  of  the  gradient  of  the 
particle  concentration. 
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Figure  A. 6 Contrast- stretched  (12<DN<21;  n=l)  negative  MSS-5  Image  of 
Miami,  Florida  (ERTS  ID  1350-15231),  observed  on  8 July  1973.  Government 
Cut  and  the  Miami  harbor  basin  were  being  dredged  when  this  image  on  the 
ebb  tide  was  taken.  The  dredge  spoil  can  be  seen  as  a jet  flowing  out 
into  the  shelf  where  a cyclonic  circulation  is  caused  by  the  Longshore 
drift.  A cyclonic  eddy,  either  spinoff  or  shear-induced  (Lee,  1974)  by 
the  Gulf  Stream,  is  seen  in  the  upper  right  due  to  changes  in  surface 
reflectance.  The  Gulf  Stream  front  at  the  lower  right  is  seen  dwe  to  higher 
radiance  in  the  current.  Complications  of  nearshore  currents  can  be  deduced 
because  of  the  offshore  eddy,  and  the  northern  inlets  have  a southward  inshore 
drift  that  has  reversed  or  slackened  near  the  dredging  plume.  Horizontal 
distance  across  the  image  i?  45  km. 


437 


r 


Figure  A.  7 Contrast-stretched  sequence  of  MSS-6  data  off  Mian!  Beach, Florida 
(ERTS  ID  1026-15230),  observed  on  18  August  1972.  Sequence  shows  the  effect 
of  varying  the  DN  range  and  n in  the  contrast  equation,  a)  Upper  left:  Raw 
data,  positive  print,  b)  Upper  middle:  7^DNil5;  n=l.  c)  Upper  right;  7iDN£l5; 
n=3.  d)  Lower  left:  7<DN<11;  n=l.  e)  Lower  middle:  9<DN<13;  n=l.  f)  Lower 
right:  MSS-6  minus  MSS-7,  then  5sDNS13;  n=3.  Note  that  using  powers  of  n 
brings  out  water  details  (cf.  b & d).  Water  details  in  e are  less  distinct 
than  in  b which  uses  the  statistically  determined  limits.  Sea  state  only  is 
observable  in  MSS-7,  so  MSS-6-MSS-7  should  minimize  the  surface  contribution 
as  is  shown  in  f.  Horizontal  distance  across  each  image  is  A5  km. 
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Figure  A. 8 Contrast-stretched  (9<DN5l7;  n=l)  negative  MSS-5  i^iagp  of  the 
region  offshore  of  Cape  Canaveral,  Florida  (ERTS  ID  1260-15233),  observed 
on  9 April  1973.  Fine-scale  "shingle  structure"  (von  Arx,  Rumpus,  and 
Richardson,  1955)  can  be  seen  along  the  cyclonic  edge  of  the  Culf  Stream.  The 
shlngel  structure  in  this  image  is  at  least  an  order  of  magnitude  less  than  the 
von  Arx  ^ al^-  description  off  the  Carolines.  Wind  streaks  and  a ship  wake 
can  be  observed  in  the  Gulf  Stream  which  is  leaving  the  coast  at  the  lower 
right.  Loss  of  water  detail  in  Lake  Okeechobee  is  caused  by  the  contrast 
stretch  limits  and  shows  that  the  very  high  radiance  from  this  water  body  is 
due  to  a turbidity  about  equal  to  the  coastal  inlet  plume  in  the  upper  left. 
Horizontal  distance  across  the  image  is  135  km. 
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Figure  A. 9 Contrast-stretched  (8<J)N<16;  n-1)  negative  MSS-5  image  of  the 

Florida  coast  south  of  Cape  Canaveral  (ERTS  ID  1206-15232) , observed  on  18 
August  1972.  Plumes  of  water  from  behind  the  barrier  islands  can  be  seen  ebb- 
ing through  the  inlets.  Complicated  patterns  of  coastal  sedimentation  show  a 
multlfronted  boundary  between  the  nearshore  water  and  the  Gulf  Stream.  Changes 
in  the  radiance  appear  to  be  dominated  by  changes  in  suspended  sediments. 
Horizontal  distance  across  the  image  is  45  k.m. 
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Figure  A. 10  Contrast-stretched  (7iDNil5;  n=2)  negative  MSS-5  image  of  Cape 
Lookout,  North  Carolina,  (ERTS  ID  1115-15152),  observed  on  14  November 
1972.  The  shoals  offshore  of  the  promitory  are  shallow  and  keep  sediments  in 
suspension.  By  comparing  the  sediment  pattern  over  such  areas  (cf.,  fig.  A. 11), 
an  estimate  of  the  bottom  topography  can  be  made  and,  conversely,  the  variability 
of  the  suspended  load  as  well.  There  is  no  evidence  of  the  Gulf  Stream  front 
in  this  image.  Horizontal  distance  across  the  image  is  135  km. 
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Figure  A. 11  Contrast-stretched  (ASDN£11:  n=l)  negative  MSS-5  image  of 

Onslow  Bay,  North  Carolina  (ERTS  ID  1205-15153),  observed  on  13  February 
1973.  Complex  patterns  of  turbidity  do  not  appear  to  be  well  correlated  with 
the  bottom  topography.  The  white  pixels  near  the  coast  are  an  artifact  of 
the  contrast  stretch  routine,  wherein  the  NOAA  computer  assigns  a negative 
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Figure  A. 12  Contrast-stretched  (5<DN<13;  n=2)  negative  MSS-5  image  of  the 
Cape  Hatteras,  North  Carolina  area  (ERTS  ID  1132-15094),  observed  on  1 
December  1972.  Malrs  (1970)  correlated  the  pulses  in  the  Ocracoke  Inlet 
sediment  plume  to  several  stages  in  the  tide.  The  Cape  Hatteras  materials  are 
transported  from  farther  north,  and  an  eddy  has  been  observed  in  several  ERTS 
images  in  the  Hatteras  region.  Compare  again  the  sediment  suspension  over 
Lookout  Shoals  with  the  scene  In  figures  A. 10  and  A. 11;  detail  changes  are 
due  to  both  different  stretch  limits  as  well  as  environmental  conditions. 
Horizontal  distance  across  the  image  is  km. 
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Figure  A. 13  Contrast- stretched  (14<DN<22;  n=2)  negative  MSS-A  image  of  an 
eddy  over  Diamond  Shoals,  North  Carolina  (ERTS  ID  1186-15093),  observed 
on  25  January  1973.  A deep  penetration  of  water  from  north  of  Cape  Hatteras 
can  be  seen  as  part  of  the  cyclonic  eddy  developing  over  the  shoals.  The  Gulf 
Stream  front  appears  to  be  well  offshore  of  the  eddy  front.  Meander  scale  in 
the  Gulf  Stream  appears  to  be  about  50  km  with  an  amplitude  of  about  10  km. 
Details  in  the  sediment  suspension  patterns  support  the  notion  of  multiple 
fronts,  probably  tidally  pumped  and  advected  by  alongshore  current  patterns. 
Streaks  can  be  seen  in  the  current  at  the  lower  right  and  may  be  internal 
wave  activity.  Horizontal  distance  across  the  inage  is  90  km. 
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Figure  A.IA  Contrast-stretched  (7<DN<15;  n=2)  negative  MSS-5  image  of  a 
sediment  filament  in  the  offing  of  Cape  Hatteras,  North  Carolina  (ERTS  ID 
1222-15093),  observed  on  2 March  1973.  The  squaring  in  the  stretch  equation 
overaccentuates  the  low  radiance  features  so  that  details  at  Cape  Hatteras 
are  lost;  generally  n=l  is  a better  choice  because  it  is  linear  with  radiance 
for  spectral  comparison  purposes.  The  sediment  filament  extends  120  km  off- 
shore and  is  probably  material  from  Pamlico  Sound  as  Ford,  Longard,  and  Banks 
(1952)  have  suggested  in  their  entrainment  studies.  Horizontal  distance 
across  the  image  is  135  km. 


Figure  A. 15  Contrast- stretched  (16iDN<24;  n=3)  negative  MSS-4  image  of  the 
Gulf  Stream  in  deep  water  off  Cape  Hatteras  (ERTS  ID  1221-15035),  observed 
on  1 March  1973.  Taken  I day  earlier  than  figure  A. 14,  this  plume  is  over  180 
km  long  on  this  image  and  extends  over  300  km  from  Cape  Hatteras.  The  cumulus 
band  is  a frequent  feature  of  the  stream  from  space  and  is  caused  by  the 
convection  when  cool  dry  continental  air  is  heated  by  the  stream.  This 
feature  follows  the  Gulf  Stream  frotit  quite  well  as  seen  in  the  image  and 
can  be  used  as  an  ancillary  feature  for  identification  of  the  stream. 
Horizontal  distance  across  the  image  is  90  km. 
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Figure  A.  16  Contrast-stretched  (12<DN<16;  n=l)  negative  MSS-4  image  of  a 
sediment  filament  offshore  of  Cape  Hatteras,  North  Carolina  (ERTS  ID  1149- 
15033),  observed  on  19  December  1972.  This  image  was  observed  17  days  later 
than  the  data  in  figure  A. 2,  but  is  an  almost  perfect  extension  of  that  sedi- 
ment filament  and  about  270  km  to  sea.  Note  the  DN  limits  have  a range  of  only 
5.  The  Gulf  Stream  waters  are  at  the  same  intensity  as  the  waters  north 
of  the  sediment  filament,  and  the  stream  is  observable  only  because  little 
small-scale  mixing  has  occurred  across  the  boundary.  Horizontal  distance 
across  the  image  is  135  km. 
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Figure  A. 17  Contrast-stretched  (11<DN<15;  n-1)  negative  MSS-5  image  of  the 
Gulf  Stream  off  Delaware  (ERTS  ID  1257-15033),  observed  on  6 April  1973. 
The  stream  is  observable  in  this  case  due  to  higher  radiance  caused  by  in- 
creased sea  state  in  the  flow.  This  image  is  350  km  northeast  of  Cape 
Hatteras.  There  is  a hazard  in  using  sea  state  only  to  identify  the  current 
because,  even  in  MSS-7,  a slight  increase  in  radiance  occurs  which  could  be 
caused  by  high  thin  cirrus  clouds.  Horizontal  distance  across  the  image  is 
135  km. 


APPENDIX  B 


Details  of  the  time  series  presented  In  figure  3.2,  and  the  cross- 
section  from  which  table  3.1  was  tabulated,  are  presented  In  this 
appendix.  As  described  before,  the  solid  line  on  the  chart  of  the  Gulf 
of  Mexico  represents  the  22®C  Isotherm  at  100  m.  This  stretch  of 
the  22®C  Isotherm  Is  presented  first  In  the  three  figures  for  each  cruise 
(except  January  1973  which  has  two  figures).  The  second  figure  Is  the 
transect  of  the  Straits  of  Florida  showing  the  surface  values  of  tempera- 
ture (TgfC),  volume-scattering  function  (6g)  at  45°  using  a blue  (436  nm) 
filter  (m“*  sr“'),  and  chlorophyll-a  (Chlg)  observed  by  the  method  of 
Lorenzen  (1966)  at  the  surface  (mg  m ) . Temperature  and  chlorophyll  were 
continuous  observations,  whereas  volume  scattering  was  observed  at  each 
STD  station.  The  third  figure  of  each  section  Is  the  transect  data  for 
the  Yucatan  Strait,  in  the  same  format  as  for  the  Straits  of  Florida.  In 
general,  seven  STD  stations  at  -18  km  spacing  were  taken  in  the  Straits  of 
Florida,  and  nine  stations  were  required  in  the  Yucatan  Strait;  the  cross 
sections  of  the  temperature  field  (°C)  are  given  below  the  surface 
variables. 

Dates  on  the  charts  showing  the  location  of  the  indicator  isotherm 
represent  the  time  required  to  track  the  22°C  0 100  m from  Yucatan  to 
Florida.  In  1972,  the  cruises  originated  in  St.  Petersburg,  and  the  Yucatan 
section  (which  required  about  24  hr)  was  observed  immediately  preceed- 
Ing  the  tracking;  the  Straits  of  Florida  section  also  required  about  24 
hr  and  was  done  1 day  after  the  transect  was  completed.  In  January 
1973,  foul  weather  prevented  observing  the  section  in  the  Straits,  however, 
a suborbltal  track  section  from  25°55'N,  84°40'W  to  23°26'N,  85°20'W  was 
observed.  Chlorophyll-a  and  volume-scattering  function  were  not  observed 
because  of  equipment  failure  and  rough  seas.  The  remaining  cruises 
originated  in  Miami,  and  the  Straits  of  Florida  section  was  observed  prior 
to  the  tracking;  approximately  24  hr  were  required  to  reach  Cabo  San 
Antonio  from  Habana.  The  Straits  of  Florida  section  is  also  a suborbltal 
trackline  that  was  occupied  within  a day  or  two  of  satellite  transit.  All 
standard  hydrographic  data  presented  herein  are  on  file  at  NODC. 
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ABSTRACT 

Infrared  observations  from  the  Synchronous  Meteorological 
Satellite  are  used  to  locate  the  cyclonic  edge  of  the 
Gulf  Strec.m  in  the  offing  of  the  Middle  .Atlantic  Bight. 

Film  loops  are  .made  from  the  high  resolution  infrared 
scanner  using  observations  every  30  minutes.  For  periods 
of  one  to  three  days,  the  stream's  meanders  can  be  consider- 
ed quasi-stationary.  The  high  velocity  of  clouds  makes 
identification  of  the  current  possible  because  of  the  relative 
motion  difference  and  is  analogus  to  land  identification. 

The  technique  requires  only  one  channel  of  carefully 
gridded  data  and  is  free  of  atmospheric  radiative  transfer 
corrections  necessary  in  other  multi-channel  compositing 
schemes. 


INTRODUCTION 

Variability  in  the  ocean  is  the  current  focus  of  many 
research  studies  in  physical  oceanography.  The  Gulf 
Stream  System  in  particular  has  been  studied,  with  increasing 
attention  being  given  to  its  temporal  and  spatial  scales. 

The  correlation  of  movements  between  the  stream's  meanders  and 
the  velocity  field  in  the  western  Sargasso  Sea  is  a subject 
of  intense  interest  in  the  upcoming  POLYMODE  project. 

Conventional  tracking  of  the  Gulf  Stream's  cyclonic  edge 
(left-hand  edge  facing  downstream)  requires  extensive 
commitments  of  research  vessel  time  to  obtain  quasi-synoptic 
pathlines  of  the  current.  It  has  been  repeatedly  demonstrat- 
ed that  infrared  sensing  satellites  are  capable  of  providing 
occasional  synoptic  views  of  the  cyclonic  edge,  but  no 
sequence  of  pathlines  has  been  constructed.  This  lack  of 
satellite  derived  sequences  is  due  to  the  difficulty  of 
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an  objective  cloud  discrimination  technique  in  daily  observa- 
tions from  polar  orbiting  vehicles. 

In  order  to  obtain  a jiathline  from  daily  observations, 
two  simultaneous  channels  of  satellite  information  are 
required.  The  visible  channel  is  used  to  identify  clouds 
in  the  scene  by  their  characteristically  high  radiance. 

Then,  unless  an  areally  clear  day  occurred,  other  days 
are  required  in  a composite.  Compasiting  usually  is 
further  complicated  by  tlie  need  to  correct  each  clear 
day  for  the  atmospheric  attenuation  (Maul,  1973)  so  that 
the  data  have  a common  base.  The  process  is  lengthv  and 
requires  considerable  computer  time  to  solve  the  radiative 
transfer  equation,  manipulate  the  data  matrices,  contour 
the  final  composite,  and  output  tlie  results. 

APPLICATION  OF  CnOSYhCHRONOUS  DATA 

The  Synchronous  Meteorological  Satellite  (SMS-1)  is  the 
first  geosynchronous  vehicle  to  have  an  infrared  channel 
in  the  scanner.  Ground  resolution  is  approximately  the 
same  as  the  high  resolution  scanning  radiometer  on  the  NOAA 
or  NI.MBUS  satellites,  8 km  at  the  nadir.  SMS  scans  the 
earth  every  30  minutes  so  that  48  images  are  made  every  day, 
day  and  night.  Film  loops  are  made  from  the  individual 
images  by  photographing  them  in  sequence  after  they  are 
registered  and  gridded  by  iujita's  method  (1969).  These 
infrared  film  loops  are  then  used  to  locate  the  Gulf  Stream's 
cyclonic  edge. 

The  Gulf  Stream  can  be  located  because  there  is  a temperature 
increase  when  crossing  into  the  current  across  the  cyclonic 
edge.  This  is  a permanent  feature  of  the  stream  north  of 
Cape  Hatteras.  As  the  stream  flows  out  to  sea  from 
the  Carolina  Capes,  it  meanders  much  like  an  exponentially 
growing  sinusoid.  The  wavelength  is  typically  300  km,  , 

amplitude  is  50  km,  and  phase  speed  approximately  8 cm  sec'^ 
(Hansen,  1970).  The  low  phase  sj'ced  means  that  a meander 
will  shift  only  35  km  in  five  days;  five  days  is  the  average 
time  between  frontal  passages  in  mid- la t itudcs , and  thus 
is  the  time  between  periods  of  cloudiness.  Therefore,  for 
temporal  scales  up  to  five  da>s,  the  Gulf  Stream  can  be 
considered  quas  i - s t a t lonarv  and  treated  like  land  or 
any  other  permanent  feature.  Conversely,  the  stream  can  be 
used  to  assist  in  accurate  gridding  of  the  SMS  data. 

Infrared  film  loops  are  made  for  periods  of  from  one  to 
five  days  in  order  to  locate  the  current.  The  loops  are 
projected  down  onto  a base  map,  and  the  steady  cyclonic 
edge  of  the  Gulf  Stream  is  sketclied  as  the  cloud  patterns 
quickly  advect  past.  Locating  the  steady  signal  from  the 
land  and  quas  i -stat ionary  current  is  very  easy  as  is  shown 
in  the  film  loop  (presented  at  t.ie  conference).  Any  one 
single  frame  would  not  accompli.sh  the  goal  as  well  because 
it  is  not  possible  to  distinguish  between  clouds  and 
ocean  with  the  same  temperature.  However,  with  the  relative 
motion  of  clouds  being  two  orders  of  magnitude  faster  than 
the  phase  speed  of  the  current's  meanders,  the  identifica- 
tion task  is  simple.  Figure  1 is  a still  frame  from  SMS-1 
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Figure  1.  Infrared  image  from  SMS-1  of  the  western  North 
Atlantic.  Light  tones  represent  cold  temperatures  in  this 
lO.S-12.5  urn  band  passed  image.  The  warm  (dark  tone)  Cult 
Stream  can  be  followed  from  Florida  to  the  offing  of 
Cape  ilatteras.  Cridding  along  the  Atlantic  Coast  is 
accurate  enough  to  keep  motion  of  the  quas i -stat lonary 
stream's  edge  within  one  or  two  scanspots  in  tlie  film  loop 
(shown  at  the  convention).  The  image  in  this  figure  and 
the  film  loop  wore  produced  by  the  Miami  Satellite  Field 
Services  Station  of  the  NOAA  National  Environmental  Satellite 
Service . 


showing  the  gridding,  land,  and  current  in  the  infrared 
channel . 

Experience  to  date  has  shown  that  stream-edge  pathlines 
Can  be  made  on  a daily  basis  when  cloud  conditions  permit. 
Daily  motion  of  the  meanders  is  less  than  the  scar,  spot 
site  of  S.MS  so  that  no  motion  at  all  is  detected.  Longer 
loops  over  several  days  may  show  slight  motion  of  the  meand- 
ers, but  the  jitter  in  the  film  loop  due  to  griiding  is 
often-times  more  than  the  movements  of  the  current.  The 
film  loops  to  date  have  been  standard  production-type  .VO.AA 
products  displaying  a small  sector  of  the  ocean  which  has 
been  enlarged.  Contrast  stretched  images  are  known  to 
bring  out  the  ocean  features;  this  will  be  an  jmproveirent 
over  using  the  standard  product.  From  the  daily  pathlines, 
a film  loop  of  the  meanders  of  the  stream  is  easily  made 
using  existing  photographic  equipment. 

CONCLUSIONS 

Infrared  film  loops  from  an  operational  geosynchronous 
satellite  have  been  used  to  locate  the  cyclonic  edge  of  the 
Gulf  Stream.  The  technique  requires  only  one  channel  of 
spacecraft  data;  no  extensive  computer  time,  atmospheric 
transmittance  corrections,  or  new  display  techniques  are 
required.  Pathline  sequences  of  the  major  baroclinic 
flows  in  mid- latitudes  are  possible  using  only  analog 
data,  and  can  be  easily  accomplished  by  a technician. 

With  further  refinement  of  the  operational  technique, 
a Gulf  Stream  position  map  in  near-real  time  could  become 
part  of  the  routine  service  of  NOAA  to  the  maritime  community. 
Experience  to  date  suggests  that  these  pathlines  can  be 
made  at  intervals  of  three  to  five  days.  This  is  adequate 
for  most  requirements  of  ship  routing,  weather  forcasting,  and 
scientific  investigation  into  the  nature  of  the  western 
boundary  currents. 
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Observations  of  the  Gulf  Stream  System  In  the  Gulf  of  Mexico  were  obtained  in  synchronization 
with  LANDSAT-I.  Computer  enhanced  images,  which  are  necessary  to  extract  useful  oceanic 
information,  show  that  the  current  can  be  observed  by  color  (diffuse  radiance)  or  sea  state 
(specular  radiance)  effects  associated  with  the  cyclonic  boundary  even  >n  the  absence  of  a surface 
thermal  signature.  The  color  effect  relates  to  the  spectral  variations  in  the  optical  properties  of  the 
water  and  its  suspended  particles,  and  is  studied  by  radiative  transfer  theory.  Significant  oceanic 
parameters  identified  are:  the  probability  of  forward  scattering,  and  the  ratio  of  scattering  to  total 
attenuation.  Several  spectra  of  upwelling  diffuse  light  are  computed  as  a function  of  the 
concentration  of  particles  and  yellow  substance.  Tbc:ie  calculations  compare  favorably  with 
experimental  measurements  and  show  that  the  ratio  of  channels  method  gives  ambiguous 
interpretative  results.  The  results  are  used  to  discuss  features  in  images  where  surface 
measurements  were  obtained  and  are  extended  to  tentative  explanation  in  others. 


Introduction 

The  location  of  ocean  currents  by 
infrared  radiometers  in  aircraft  and  satel- 
lites has  been  demonstrated,  and  is  in 
fact  operationally  successful  from  air- 
craft over  the  (iulf  Stream.  The  statis- 
tical correlation  between  the  surface 
thermal  signature  of  the  Gulf  Stream  and 
the  velocity  core  was  studied  and  it  was 
shown  (Hansen  and  Maul.  1970)  that 
north  of  Cape  Hatteras.  there  is  a ther- 
mal indication  of  the  cyclonic  edge  (left 
hand  side  facing  downstream  in  the 
northern  hemisphere)  at  all  seasons. 
Atlases,  however  (e.g.,  Robinson.  1973). 
show  that  major  portions  of  the  Gulf 
Stream  system  have  no  surface  thermal 
gradients  due  to  seasonal  heating  for  as 
much  as  four  months  of  the  year. 


The  cyclonic  edge  of  Gulf  Stream  type 
Hows  are  frequently  well-defined,  and 
can  often  be  observed  by  noting  changes 
in  temperature,  salinity,  color,  and  sea 
state  (Stommel,  19(i(v,  Uda.  1938).  Color 
changes  imply  that  the  optical  properties 
of  the  ocean  change  in  the  vicinity  of  the 
cyclonic  edge.  If  those  optical  properties 
are  observable  when  the  thermal  signa- 
ture is  lost,  a year-round  remote  sensing 
technique  is  potentially  available. 

Remote  sensing  of  the  ocean  in  the 
visible  region  of  the  spectrum  is  being 
explored  for  a variety  of  reasons.  Maxi- 
mum insolation  at  475  nm  provides  a 
natural  energy  source  for  passive  sensors. 
A minimum  in  the  attenuation  coeffi- 
cient for  water  may  allow  a passive 
measurement  of  some  oceanic  properties 
as  a function  of  depth.  Variations  in  the 
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spectra  of  upwelling  light  at  these  wave- 
lengths can  be  attributed  to  variations  in 
pigment  forming  molecules  such  as  in 
phytoplankton,  and  to  variations  in  the 
concentration  of  scattering  particles  such 
as  suspended  sediments.  Strongly  baro- 
clinic  currents  are  potentially  detectable 
by  changes  In  the  optical  properties 
across  their  boundaries.  Patterns  of 

man’s  activities  in  and  on  the  ocean  have 
near  surface  manifestations  that  change 
the  nature  of  upwelling  visible  radiance. 

Discussions  in  the  present  paper  use 
examples  of  the  optical  properties  of  the 
Gulf  Stream  System  from  the  Yucatan 
Strait  to  Gape  Hatteras  as  detected  by 
the  Harth  Resources  Technology  Satel- 
lite ILANDSAT-I).  This  intense  ocean 
current  transports  vast  amounts  of  ther- 
mal and  kinetic  energy  through  the 

eastern  Gulf  of  Mexico  and  up  the 

southeast  coast  of  the  United  States. 
Temporal  and  spatial  variability  in  the 
How  and  its  optical  and  biological 
changes  were  studied  as  part  of  a one- 
year  (August  1972-September  1973) 
ground  truth  time-series  in  which  a 


research  vessel  followed  the  anticyclonic 
turning  from  Yucatan  to  the  Florida 
Straits  (Maul,  1975;  Ednoff,  1974). 
Analysis  of  the  simultaneous  ship/satel- 
lite observations  obtained  in  the  eastern 
Gulf  of  Mexico  every  36  days  are  ex- 
tended to  discuss  data  from  other  re- 
gions of  the  Gulf  Stream. 

LANDSAT-1  is  a polar  orbiting  re- 
search and  development  satellite  origi- 
nally designed  to  return  seven  channels 
of  data;  one  instrument  failed  (channels 
1-3)  early  in  the  mission.  The  ground 
swath  is  1 85  kilometers  wide  and  the 
revisit  time  is  1 8 days.  The  sensors  of  the 
multispectral  scanner  are  in  the  visible 
and  near  infrared  (retlected  infrared) 
region.  Pertinent  details  of  the  multi- 
spectral  scannertMSS)  are  given  in  Table 
I.  Tlie  satellite  does  not  receive  any 
information  from  the  blue  portion  of  the 
spectrum  (400-500  nm).  In  the  discus- 
sion to  follow,  it  will  be  seen  that  this  is 
a severe  limitation  for  oceanography, 
since  most  of  the  spectral  information 
observed  at  the  sea  surface  is  contained 
in  this  spectral  interval.  Atmospheric 


TABLE  I 


Multrispectral  Scanner  Specifications" 


Band 

Bandpass 

(nm) 

Nominal  radiance  response 
(mW'  cm‘^  sr“‘ ) 

Digital  steps 
(quantized  onboard) 

MSS-4 

.SOO-600 

0-2.48 

128 

MSS-5 

600-700 

0-2.00 

128 

MSS-6 

700-800 

0-1.76 

128 

MSS-7 

800-1 100 

0-4.60 

64 

"The  Earth  Resources  Technology'  Satellite’s  multispectral  scanner  is  quantized  onboard 
and  the  data  relayed  in  a digital  bit  stream.  An  oscillating  mirror  system  reflects  upwelling 
radiation  into  six  detectors  for  each  channel  so  that  six  scanlines  of  the  earth  are  observed 
simultaneously.  Energy  for  each  quantum  step  can  be  estimated  by  assuming  a linear 
relationship  over  the  1 28  (64)  steps  (NASA,  1971 ). 
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ctTects  svill  not  be  aikiresseil  in  great 
detail  since  this  was  recently  done  by 
Curran  ( and  others. 


Hydrographic  Background 

Prior  to  the  launch  of  LANDSA'I'-l.  a 
field  experiement  was  performed  to  con- 
llrin  that  the  satellite  had  the  capability 
to  observe  the  ocean  color  changes  asso- 
ciated with  the  Ciulf  Stream  and  to 
determine  surface  vessel  measurements 
recjuired  to  obtain  satisfactory  ground 


truth.  The  location  of  the  cyclonic 
boundary  of  the  current  was  obtained  by 
tracking  the  22°C  isotherm  at  100 
meters  depth  using  expendable  bathy- 
thermographs. The  pathline  of  this  iso- 
therm was  shown  by  Leipper  (1070)  to 
be  an  effective  means  of  tracking  the 
velocity  core  of  the  current,  and  Maul 
(1 075)  showed  that  the  average  hori- 
zontal separation  between  the  indicator 
isotherm  and  the  cyclonic  edge  is  14.4 
km.  Figure  I is  a south-north  section 
through  the  cyclonic  front  of  the  Gulf 
Loop  Current  near  Dry  Tortugas.  These 


riti.  1 South  to  North  (left  to  right)  across  section  of  the  Gulf  Stream's  cyclonic  boundary. 
Isotherms  in  the  thermal  cross  section  are  in  degrees  Celsius,  t he  cyclonic  edge  marks  not  only 
where  temperature,  scattering,  and  chlorophyll  values  change,  hut  also  salinity,  current  velocity, 
and  frequently  sea  stale.  Inset  are  retleclance  spectra,  one  taken  m the  Ciulf  Stream  (GS),  the 
other  taken  in  the  coastal  water  (CW).  Mixed  layer  depth  suggests  that  the  optical  properties  that 
affect  spectra  are  homogeneous  for  al  least  20  meters. 
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data  were  collected  during  a joint  ship/ 
aircraft  experiment  on  27-28  June  1972. 
and  are  representative  of  the  variability 
in  temperature,  scattering,  chlorophyll-u 
concentration,  and  spectra. 

The  surface  temperature  field  (Fj) 
shows  a marked  decrease  near  the  cur- 
rent’s edge.  This  thermal  signature  com- 
pletely disappears  for  three  or  four 
months  when  summer  insolation  makes 
these  waters  isothermal,  thus  rendering 
infrared  techniques  useless.  The  subsur- 
face thermal  field  reflects  early  summer 
conditions;  mixed  layer  depth  of 
approximately  20  meters,  gentle  slope  of 
the  warmer  isotherms  ti.e.,  22°0.  and 
steeper  slope  of  cooler  isotherms  (i.e,, 
15°C)  when  going  toward  the  current 
core;  the  core  of  the  current  is  further 
offshore  (to  the  left)  than  this  section 
shows.  Details  of  the  boundary  between 
the  east  flowing  current  (out  of  the 
plane  of  the  page)  and  the  coastal  waters 
are  emphasized  to  demonstrate  the  need 
to  use  visible  techniques  for  remote 
sensing  in  tropical  and  subtropical 
waters. 

Surface  profiles  of  chlorophyll-u  con- 
centration (Chl-u)  and  the  volume  scat- 
tering function  at  45°  (|3s(45°))  made 
during  the  transect  are  shown  along  with 
the  thermal  signature.  Light  scattering 
measurements  were  made  during  the 
experiment  using  a Brice-Phoenix  light 
scattering  photometer  and  a blue  (436 
nm)  filter;  the  volume  scattering  func- 
tion was  calculated  using 


«45°) 


aTD 

Irn 


■ /?(4S°J 
ZXO*) 


T sin  45°’ 


where  a is  the  ratio  of  the  working 
standard  diffuser  to  the  reference  stan- 


dard diffuser.  TD  is  the  transmittance  of 
the  reference  standard  diffuser.  /;  is  the 
dimension  of  the  irradiated  element.  D is 
the  deflection  of  the  galvonometcr  and  t 
is  the  transmittance  of  the  neutral  den- 
sity filters.  Chlorophyll-u  measurements 
were  made  in  viiro  on  a fluorometer 
calibrated  with  pure  chlorophyll-u.  The 
calibrations  were  checked  on  a spectro- 
photomer.  and  calculations  were  made 
using  the  SCOR/UNLSCO  (Strickland 
and  Parsons.  1 968)  equation: 

nil-u=  11.64/;-,,,,  (2.I6A,45  +0.l0/-.,,o). 


where  £ is  the  extinction  (defined  as  the 
logarithim  of  the  reciprocal  of  trans- 
mittance) and  subscripts  are  the  appli- 
cable wavelength  in  nanometers.  These 
techniques  are  used  for  all  values  re- 
ported herein. 

The  profiles  in  l ig.  I demonstrate  that 
the  general  level  of  scattering  is  0.7  X 
10*’  m ' sr*'  (18")  more  in  the  coastal 
water  than  in  the  current.  Similarly  the 
chlorophylk/  concentration  is  0.2  mg 
in*’  (100")  more  in  the  coastal  water. 
This  is  the  general  situation  observed  in 
these  transects,  especially  near  the  coast. 
However,  many  times  there  was  no 
distinct  change  of  these  indicators  of 
optical  properties  across  the  cyclonic 
edges,  and  there  were  incidences  where 
scattering  from  an  isolated  sample  was 
higher  in  the  current.  The  slight  peak  in 
Chk/  just  before  reaching  the  edge  is  a 
common  feature  (Lorenzen.  1971), 
which  was  related  by  Maul  (1973)  to  the 
accumulation  mechanism  of  the  edge  of 
these  currents. 

Spectra  of  upwelling  irradiance  at  1 
meter  depth  and  downwelling  irradiance 


492 


landsat-i  and  OPHC  Al.  OCI  ANOGRAPHY 


99 


from  the  sun  and  sky  3 meters  above  the 
water  surface  were  made  during  the 
ship/aircraft  experiment.  Renectance 
ratios  (uncorrected  for  the  immersion 
effect)  are  graphed  as  an  inset  on  f'ig.  I. 
Approximate  locations  of  these  observa- 
tions in  tlie  Gidf  Stream  (GSl  and 
coastal  waters  (CW)  are  indicated  on  the 
top  of  the  figure.  The  retlectance  in 
coastal  waters  is  generally  higher  than  in 
the  current,  and  the  wavelength  of  maxi- 
mum reHectaiice  is  shifted  to  higher  val- 
ues. This  is  in  agreement  with  the  ex- 
pected spectral  behavior  (to  be  discussed 
below)  and  is  supported  by  color  aerial 
photographs  taken  concurrently.a  distinct 
discontinuity  in  color  from  the  green  of 
the  coastal  water  to  the  blue  of  the  Gulf 
Stream  occurred  at  the  point  labeled 
cyclonic  edge  in  Fig.  1 . These  spectra 
show  that  there  are  significant  differ- 
ences in  the  upwelling  radiance  in  both 
the  MSS-4  and  .\I.SS-5  bandpasses,  and 
thus  it  appeared  useful  to  attempt  a 
year-long  ship/satellite  experiment. 

Some  Theoretical  Considerations 

At  this  point  it  is  useful  to  consider  in 
detail  the  processes  contributing  to  the 
radiance  spectrum  .V(X)  at  the  position 
of  the  satellite.  Solar  radiation  incident 
at  the  top  of  the  atmosphere  is  absorbed 
and  scattered  in  the  atmosphere.  Some 
radiation  is  scattered  back  into  space 
without  striking  the  ocean,  contributing 
a radiance  .V^tX)  at  the  satellite.  The  rest 
(which  is  not  absorbed)  will  interact 
with  the  ocean.  This  interaction  can 
yield  upwelling  radiance  above  the  ocean 
in  three  ways:  (I)  specular  rcnection 
from  the  surface  or  glitter.  (2)  diffuse 


reflection  from  foam  (bubbles)  on  or 
just  beneath  the  ocean  surface,  and  (3) 
the  diffuse  reflection  from  water  mole- 
cules and  suspended  particles  in  the 
water.  Of  these,  the  first  two  phenomena 
are  closely  related  in  that  they  depend 
on  the  sea  state,  while  the  third  source 
of  radiance  is  essentially  independent  of 
sea  state.  The  specular  reflectance  from 
the  rougli  ocean  surface  can  be  com- 
puted by  the  methods  of  Cox  and  Munk 
(ld,34)  in  terms  of  the  wind  speed  and 
incident  radiance  distribution.  The  dif- 
fuse reflectance  from  white  caps  can  be 
approximately  accounted  for  by  assum- 
ing they  are  "white”.  Lambertian,  and 
have  an  albedo  of  1 so  that  they  con- 
tribute uniform  upwelling  radiance  just 
above  the  surface  given  by 

//q(X)/ 

7! 

where  / is  the  fraction  of  the  scene 
covered  by  the  white  caps  and  //o(X)  the 
irradiance  incident  on  the  sea  surface. 
The  third  source  of  radiance,  that  from 
beneath  the  surface,  is  the  most  difficult 
to  compute  and  will  be  discussed  in 
detail  below. 

The  radiance  at  the  satellite  can  be 
written  as 

,V(X)  = ,\^(X)  + 7(X)  ;Vj(X)  +a(X)  A'j(X).  ( 1 ) 

where  <Vj(X)  is  the  contribution  at  the 
surface  due  to  reflection  from  the  sur- 
face and  whitecaps.  .V^(X)  is  the  diffuse 
radiance  just  above  the  surface  due  to 
photons  that  have  penetrated  the  ocean, 
a(X)  and  7(X)  are  atmospheric  trans- 
mittance factors  for  Vj(X)  and  .VjlX). 
a(X)  and  7(X)  are  in  general  not  equal 
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since  tlie  radiance  distribution  (variation 
with  angle)  of  .\’j(X)  and  \jCK)  are 
different.  It  is  possible  for  photons  to  be 
retlected  from  the  surface,  backscatter 
from  the  atmosphere  into  the  ocean,  and 
scatter  back  into  the  atmosphere.  Pho- 
tons that  do  this  are  considered  to  be  a 
part  of  .Vj(\).  It  should  be  stressed  at 
this  point  that  ;Vj(X)  in  the  above 
equation  is  the  only  source  of  radiance 
that  contains  information  about  condi- 
tions beneath  the  sea  surface  such  as  the 
concentration  and  composition  of  sus- 
pended particles  and  dissolved  organic 
material.  A thorough  understanding  of 
the  dependence  of  ,Vj(X)  on  the  basic- 
optical  properties  of  the  water  and  its 
constituents  is  required  in  order  to 
obtain  quantitative  information  about 
the  constituents  of  the  ocean  from 
measurements  of  .Vj(X). 

Assume  that  the  radiance  distribution 
incident  on  the  sea  surface  is  given,  and 
that  the  radiance  is  transmitted  from  the 
ocean  to  the  satellite  in  a known  manner 
given  by  a(X)  and  7(X)  in  Lq.  (I ).  This 
reduces  the  problem  to  that  of  taking  a 
known  downwelling  radiance  distribu- 
tion just  above  the  sea  surface,  and 
computing  the  distribution  (just  above 
the  surface)  of  the  upwelling  radiance. 
As  mentioned  above,  radiant  energy 
interacting  with  the  ocean  can  be  ab- 
sorbed by  water,  suspended  particles, 
and  dissolved  organic  material  com- 
monly called  yellow  substance  (Gelb- 
stoff;  Kalle.  1938)  with  absorption  coef- 
ficients Uw.  dp.  Uy,  respectively,  and 
scattered  by  the  water  and  particles  with 
scattering  coefficients  l\,  and  hp  (scat- 
tering by  the  yellow  substance  appears 
to  be  negligible).  The  total  attenuation 


coefficient,  i,  for  these  interactions  is 
given  by 

<■  - + Cp  + Cy  , ( 2 ) 

where 


(■„,  =a^^.  + /)»., 

~dp'^hp.  (.^1 

=(7,. 


are  the  beam  attenuation  coefficients  ol 
the  water,  particles,  and  yellow  sub- 
stance. The  scattering  is  further  charac- 
terized by  the  phase  function.  /^I(-)). 
which  relates  to  the  intensity  of  railia- 
tion.  </T((-)).  singly  scattered  from  a small 
sample  volume.  Jr.  when  illuminated  by 
an  inciilence  irradiance,  Hp.  through 


P(«)  = 


J./K-)) 

Hodvh 


(4) 


2-n 


«(9)sinH  J0  = I. 


The  total  phase  function  for  water  and 
particle  scattering  is 

- <'’«  /'»•(«)  + I’pPpK-)) ) 

iK  ^ hp) 


where  Py,-  and  Pp  are  the  phase  functions 
due  to  water  only  and  particles  only, 
respectively.  It  is  convenient  to  further 
define  the  forward  (/■')  and  backward 
(/Osingic  scattering  probabilities  by 

B = \ F . 


F = 


P(F>)  sin  (-)  J 0 . 


(5) 
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;iiul  tlic  single  seattering  albedo  by 


lienee  it  is  elear  that 

(/),,  + /)„.) 

^ ) 

(a^^.  + Up  + Oy  + hp  + Ihv) 

aiul  in  general. 

O < u)o  < 1 . 

It  should  he  noted  that  all  of  the  above 
ciuantities  dejiend  on  wavelength  (X). 

The  transfer  of  radiation  in  the  ocean 
is  governed  by  the  radiative  transfer 
equation,  which  has  been  discussed  in 
detail  by  Chandrasekhar  (1 060)  and  Pre- 
isendorfer  (1065).  Gordon  and  Brown 
(1073)  have  computed  the  diffuse  retlcc- 
tance  (upwelling  irradiance  incident 
irradiance)  just  above  a Hat,  homogenous 
ocean  as  a function  of  its  optical  prop- 
erties by  a Monte  Carlo  technique.  Using 
a combination  of  the  parameters  that 
arise  naturally  from  Gordon’s  (1073) 
scattering  model,  Gordon,  Brown,  and 
Jacobs  (1075)  show  that  the  diffuse 
reflectance  [/^(/(X)|  can  be  written 

/?j(X)=  0.17‘),v  + 0.051 0.v^  +0.1710.V’,  (9) 

where 

- ^^0 
1 1 w„C| 


Rj(\)  is,  to  first  order,  independent  of 
the  distribution  of  the  incident  irradi- 
ance.  It  should  be  emphasized  that  the 
above  equation  does  not  include  the 
irradiance  specularly  reflected  from  the 
sea  surface  or  the  bottom,  i.e.,  RjiX)  is 
(7)  the  contribution  to  the  reflectance  from 
photons  that  penetrate  the  surface  and 
are  multiply  scattered  back  into  the 
atmosphere.  Preliminary  computations 
(Gordon  and  Brown,  unpublished)  indi- 
cate that  Eq.  (9)  is  also  valid  for  a 
moderately  rough  surface.  The  radiance 
distribution  above  the  sea  surface  (due 
to  photons  scattered  out  of  the  ocean)  is 
only  weakly  dependent  on  coo,  and  thus 
the  radiance  at  any  viewing  angle  will,  in 
first  order,  vary  with  coo(X)  and  5(X)  in 
the  same  fashion  as  /?<y(X).  Hence,  it  is 
sufficient  to  study  the  influence  of  the 
optical  properties  of  the  ocean  on  RjCK) 
alone. 

Equation  (9)  shows  that  the  important 
oceanic  parameters  are  coo(X)  and  J?(X), 
and  so  the  observed  reflectance  spec- 
trum, Rj(\),  can  be  explained  entirely 
through  a knowledge  of  cjo(^)  and  B(,X). 
Conversely,  under  optimum  conditions 
only  cco(X)  or  B(X)  can  be  deduced  from 
Rd(X)  and  then  only  if  one  of  these 
quantities  is  already  known.  The  situa- 
tion appears  quite  depressing  when  it  is 
realized  that  oJo(X)  is  only  imperfectly 
known  even  for  pure  water  and  to  our 
knowledge  there  are  no  measurements  of 
Bp(\)  and  cJo(X)  for  various  kinds  of 
suspended  particles.  Hence  at  the  present 
time  it  is  difficult  to  interpret  coo(^)  and 
B(\)  even  if  both  could  be  extracted 
from  RdiX)  measurements.  This  under- 
scores the  necessity  of  laboratory  experi- 
mentation to  determine  these  optical 
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properties  for  various  ocean  constituents 
such  as  marine  phytoplankton,  and  sus- 
pended mineral  particles,  for  adequate 
interpretation  of  oceanic  “color”.  If  the 
optical  properties  of  the  constituents  are 
known,  then  it  is  theoretically  possible 
to  determine  their  concentrations 
through  observations  of  as  is 

discussed  in  several  examples  below. 

A particularly  simple  problem  of  inter- 
pretation, that  of  determining  the  con- 
centration of  suspended  material  in  the 
absence  and  presence  of  yellow  sub- 
stance. is  now  examined.  The  particles 
are  assumed  to  be  nonabsorbing,  and 
their  scattering  coefficient  is  assumed  to 
be  independent  of  wavelength  [cases 
where  hp  = (const)  X’"  with  n < 1 have 
also  been  investigated  and  yield  results 
not  dramatically  different  from  the  n = 0 
case).  These  calculations  will  not  apply 
at  all  to  locations  with  particles  contain- 
ing absorbing  pigments  such  as  phyto- 
plankton in  the  water,  because  Mueller 
(1973)  and  Gordon  (1974)  have  .shown 
that  scattering  from  such  particles  varies 
strongly  with  wavelength  near  the  pig- 
ment absorption  bands. 

In  order  to  use  Eq.  (9),  B(X)  and 
cuofX)  in  Eqs.  (7)  and  (8)  must  be 
determined.  For  water,  Bi,.  = 0.5  and 

=0.00154(530  nm/X)\  (10) 

is  taken  from  Jerlov  (1968). 

To  find  Bp,  Petzold’s  (1972)  measure- 
ments of  P(@)  from  the  Tongue  of  the 
Ocean  (TOlO).  San  Diego  Harbor 
(SDH),  and  Off  Shore  California  (OSC) 
at  530  nm  have  been  u.sed.  Assuming  the 
above  for  6k.(X)  and  B^  tX),  the  contri- 
bution from  water  is  subtracted  yielding 


TABLE  2 


Derived  Values  of  Bp  for  the  Indicated  Locations 


TOTO 

SDH 

OSC 

0.0I«4‘>  (,5‘JI 

0.01869  (.82) 

0.01089  (.59) 

0,02436  (.25) 

0.01950  (.83) 

0.00989  (.55) 

0.02044  (.26) 

0.01718(.91) 

the  Bp  values  listed  in  Table  2 (cuo(X)  is 
given  in  the  parenthesis).  From  Table  2 
it  is  clear  that  Bp  not  only  varies 
considerably  from  one  location  to  an- 
other. but  also  varies  considerably  for  a 
single  region.  This  is  unfortunate  because 
for  small  cJo<X),  Bj(X)  is  directly  pro- 
portional to  C0|,'B.  and  cCqIX ).  and  B(X ) 
are  then  equally  important  in  determin- 
ing Bj(X)  for  these  cases.  It  will  be 
assumed  that  Table  2 gives  the  range  of 
variation  of  Bp  to  be  expected  in  natural 
waters,  however,  this  may  not  be  the 
case.  Furthermore  Bp  is  assumed  to  be 
independent  of  wavelength. 

For  a given  Bp(X).  a(X)  must  be  known 
in  order  to  compute  uio(X).  To  find  this 
a«(X)  is  needed,  which  unfortunately 
has  not  been  determined  experimentally 
for  pure  water  or  clear  ocean  water. 
Tyler  and  Smith  (1970).  however,  have 
measured  Ki:.-)  (the  downwelling  irradi- 
ance  attenuation  coefficient)  for  the 
clear  waters  of  Crater  Lake,  Oregon. 
Since  Preisendorfer  (1961)  has  shown 
that  (under  conditions  found  in  Crater 
Lake) 

a(:)<K{z.  ).  (II) 

if  it  is  assumed  a„.(X)  = A\(r.-)  for  : = 
10  meters  the  depth  at  which  tiie  small- 
est A\(r,-)  values  are  found,  then  the 
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resulting  (X)  values  will  represent  an 
upper  limit  to  the  spectral  absorption 
coefTicient  of  clear  natural  waters.  Be- 
cause of  this  the  .-)  data  of  Tyler 
and  Smith  have  been  smoothed  and  used 
foru„.  (X)  in  this  paper. 

Since  Up  is  taken  to  he  zero,  only 
u,.(Xi  remains  to  he  considered.  This  is 
taken  from  Jerlov  (1068)  and  is  para- 
meterized by 


a,.(X)  = flj,^0.0145(530-A) 

where  X is  in  nm.  Reasonably  high 
concentrations  of  yellow  substance  in 
the  open  ocean  have  u,.  ^ 5 X 10'^  m"' 
(i.e.,  near  Galapagos  Islands),  however, 
Oy  can  be  much  larger  in  coastal  regions. 

The  reader  should  note  that  the  above 
model  differs  significantly  from  those 
given  in  an  earlier  report  (Maul  and 


HG  2.  Log-lin  plot  of  computed  diffuse  reflectance  spectrum  for  ttie  fraction  of  back  scattered 
ligtit  = O.OC.S,  the  yellow  substance  absorption  coefficient  = 0,  and  for  various  values  of  the  ratio 
of  the  particle  scattering  coefficient  to  the  water  scattering  coefficient.  Note  that  the  spectrum 
changes  shape  in  a wavelength  dependent  fashion;  a similar  result  occurs  if  sea  state  changes  are 
included  in  upwelling  radiance  spectrum  (see  Fig.  8). 
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FIG.  Computed  diffuse  reflectance  spectrum  for  the  portion  of  backscattered  light  = 0.02.“'  and 
the  particle  to  water  scattering  coefficient  ratio  = 64  for  varying  values  of  yellow  substance 
absorption.  The  LANDS.AT-I  MSS-4  and  MSS-.S  bandpass  response  is  labeled  at  the  top. 


Gordon.  l‘I73).  The  difference  arises 
from  the  fact  that  herein  an  upper  limit 
to  is  determined  from  Hq.  (II), 

while  in  the  previous  work,  the  (X) 
estimates  of  Tyler,  Smith  and  Wilson 
(1072)  were  used.  For  consistancy  this 
required  the  use  of  filtered  sea  water 
data  for  /t^tX)  rather  than  the  actual 
Rayleigh  scattering  coefficient  given  by 
Fq.  (10).  As  discussed  below,  the  present 
model  results  in  better  quantitative 


agreement  between  the  calculations  and 
observation. 

Using  the  above  and  Eq.  (9),  Rj(\) 
has  been  computed  as  a function  of 
hp/hy^.  at  530  nm  (proportional  to  the 
concentration  of  suspended  particles)  for 
values  of  Bp  and  a,.(X)  which  it  is  felt 
covers  the  range  of  these  variables  found 
in  nature.  Figure  2 shows /?<y(X)  for  = 
0.025  and  a,.  = 0 as  a function  of  hp/h^^. . 
These  spectra  have  the  same  general 
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FIG.  4.  ( hromaliaty  diagram  with  the  data  used  in  Figs.  2 and  3 (and  others)  plotted  for  a 
fraction  of  hackscattercd  light  = 0.025,  the  scattering  ratios  are  4 (lower  left),  8,  16,  32,  64,  128, 
256.  ^ I 2,  and  1 024  ( upper  right)  for  each  of  the  three  values  of  the  absorption  coefficient  due  to 
yellow  substance 


shape  as  those  observed  by  Tyler  and 
Smith  just  beneath  the  surface  in  Crater 
Lake,  and  when  the  transmittance  loss 
through  the  water  surface  is  taken  into 
account,  the  hp  'h^  = (i4  curve  is  in 
rough  i|uantitative  agreement  with  the 
Crater  l.ake  observations.  It  should  be 
noted  that,  since  the  being  used  is 

certainly  too  large  m the  blue  portions 
of  the  spectrum,  the  rellectance  there 
will  be  somewhat  larger  than  shown  in 
the  figure  for  a given  /’p //>»,.  Note  that 
increasing  the  concentration  of  sus- 


pended material  incTcases  RjCK)  at  all 
wavelengths,  however,  the  effect  is  most 
dramatic  in  the  red.  Figure  3 shows  the 
influence  of  yellow  substance  on  the 
rellectance  for  Bp  = 0.025  with  hpjhy^.  = 
64.  Clearly  the  main  influence  of  flyfX)  is 
to  depress  the  blue  region  of  the  reflec- 
tance spectrum  while  leaving  the  red 
portion  of  the  spectrum  unchanged. 

To  provide  an  objective  measure  of 
the  visual  effects  produced  by  varying 
concentrations  of  suspended  particles 
and  yellow  substance,  in  Fig.  4 the 
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chromaticity  coordinates  of  RjCK)  for  a,. 
= 0,  0.01  and  0.05  m'‘  on  the  C.l.E. 
chromaticity  diagram  (Committee  on 
Colorimetry,  1953)  are  presented.  As 
hp/hy^.  or  ay(X)  is  increased  the  domi- 
nant wavelength  in  the  ocean  color 
increases  while  the  spectral  purity  de- 
creases. i.e.,  increasing  the  concentration 
of  particles  that  scatter  light  indepen- 
dently of  wavelength  (white  scatterers) 
does  not,  as  one  might  expect,  move  the 
chromaticity  cootdinates  directly  toward 
the  white  point  (O,  but  rather  shifts  the 
dominant  wavelength  toward  the  green 
as  well  as  decreasing  the  purity.  It  is 
interesting  to  note  that  the  ocean  retlec- 
tion  spectra  for  such  a wide  range  of 
water  properties  {hp  = 0 and  a,  “ 0 
through  hp  = 1.6  m"'  and  Uy  = 0.05 
m"' ).  when  represented  on  (he  chromaf- 
icity  diagram,  produce  a sequence  of 
colors  that  fall  on  a near  straight  line 
from  (.v.»  ) = (0.1  5,  0.10)  to  (0.30.  0.40). 
On  the  basis  of  Figs.  2 through  4 it  is 
clear  that  the  spectrum  of  diffusely 
reflected  light  from  the  ocean  contains 
significant  information  concerning  the 
concentration  of  suspended  material  and 
yellow  substance. 

Now  turn  briefly  to  the  question  of 
the  depth  of  water  over  which  this 
information  can  be  retrieved.  Gordon 
and  McCluney  (1974)  have  treated  this 
problem  in  detail;  they  show  that  for  a 
homogeneous  ocean,  the  depth  above 
which  907r  of  the  diffusely  reflected 
irradiance  originates  (Z,o).  is  the  depth 
at  which  the  downwelling  irradiance  falls 
to  I /e  of  its  value  at  the  surface,  or 

Z,o(X)  = 1/MX)  , (12) 


where  Aj(X)  is  the  irradiance  attenua- 
tion coefficient  (this  is  the  attenuation 
coefficient  for  diffuse  light  in  the  sea 
and  should  not  be  confused  with  the 
beam  attenuation  coefficient  c ).  Gordon, 
et  at.  (1975)  have  found  that  if  the 
incident  irradiance  on  the  sea  surface  is 
in  the  form  of  a collimated  beam  making 
an  angle  (-)„  with  the  zenith. 

Aj  =<(1.0016  O.ws^wo/-' 

+ 0.1080cc„^F'=  0.1527w„  ’/•  ')/cos(-)„ 


where  sinC-),/  = 0.75  sin(-)o-  If  tl"-'  hici- 
dent  irradiance  is  completely  diffuse,  tq. 
(13)  is  still  valid  if  1 cos  (-)o'  is  taken  to 
be  1.197.  liquation  (13)  can  bo  used  to 
compute  Aj(X)  as  long  as  95. 

and  hence  can  be  eontbined  with  fcq.  (12) 
to  give  Z,o(X).  Z„o(^)  bas  been  computed 
for  the  cases  discussed  above,  and  it  is 
fotind  that  for  (Xbp//>u  <100.  Zgo(X)  is 
nearly  independent  of  bp//>i,  for  a given 
<;,  (X).  Z,o(X)  does  however,  depend 
very  strongly  on  </,.  (X)  and  this  is  shown 
in  Fig.  5.  The  main  inlluence  of  u,.(X)  on 
Z9o(X)  is  to  decrease  the  penetration 
depth  strongly  in  the  blue  while  again 
leaving  Zgo(^)  in  tbc  red  unchanged. 
Since  F = \ ~ B^\.  Fig.  5 is  essentially 
indepdent  of  Bp.  so  the  penetration 
depth  is  roughly  independent  of  the 
concentration  and  properties  of  the  par- 
ticles (assuming  they  do  not  absorb 
radiation).  For  small  </,.(X).  the  max- 
imum Z, o(X)  is  of  the  order  of  50  to  60 
meters,  so  this  is  the  maximum  depth  to 
which  information  concerning  the  ocean 
properties  can  be  obtained  through 
measurement  of  /?j(X), 
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FIG.  5.  Penetration  depth  (Z90)  as  a function  of  wavelength  for  Bp  = 0.025,  bplb^  = 64  and  for 
0<a,.^0.050.  Note  that  the  penetration  depth  in  MSS-5  is  essentially  independent  of  yellow 
substance,  however,  MSS-4  is  significantly  affected. 


In  order  to  apply  these  results  to 
LANDSAT-1,  Rj{\)  must  be  integrated 
over  the  MSS  channels  of  interest  (4  and 
5).  Figure  6 shows  the  mean  reflectance 
{.Rj)  averaged  over  MSS-4  and  MSS-5  as 
a function  of  hp|h^^.  for  various  values  of 
Bp  and  ciy{\).  It  is  evident  that  Rj 
depends  nearly  linearly  on  bplhy^.  with 
the  actual  relationship  between  Rj  and 
hp/h^.  strongly  dependent  on  Bp  and 


dv(X).  The  dependence  on  Bp  is  very 
important  because  it  shows  that  Rj 
cannot  be  quantitatively  interpreted  in 
the  absence  of  information  concerning 
the  scattering  particles.  Likewise  it  is 
seen  that  variations  in  the  concentration 
of  yellow  substances  could  be  misinter- 
preted as  variations  in  particle  concentra- 
tions in  MSS-4.  However.  Rj  for  MSS-5 
is  for  all  practical  purposes  independent 
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FIG.  6.  Computed  average  reflectance  for  the  MSS-4  filter  (upper  panels)  and  the  MSS-5  filler 
(lower  panels)  as  a funclion  of  the  ratio  of  particle  scattering  coefficient  to  the  water  scattering 
coefficient.  Lefthand  panels  show  the  effect  of  varying  the  fraction  of  forward  scattered  light  and 
the  righthand  panels  show  the  effect  of  varying  the  concentration  of  yellow  substance  on  the 
upper  curve  of  the  lefthand  panels.  Note  the  linearity  depends  on  both  u,.  and  8„  for  MSS-4,  but 
only  on  Bp  for  MSS-5. 


o1'</,.(X),  and  in  this  respect,  it  is  tlie  best 
channel  to  try  and  observe  variations  in 

hp  //)„. . 

Figure  7 shows  tlie  mean  penetration 
depth  averaged  over  the  LANDSAT-I 
channels  according  to 


^90 


/: 


'RjMcfX 


(14) 


tor  the  case  where  /ip=0.025  (remember 
Z,o(M  is  nearly  independent  of  lip). 
Clearly  7,0  is  only  a weak  function  of  the 


concentration  of  particles  in  both  chan- 
nels, however,  it  depends  very  strongly 
on  (i,.(X)  in  MSS-4.  For  the  open  ocean. 
Fig.  7 indicates  penetration  depths  of 
the  order  of  1 5 to  18  meters  for  MSS-4 
and  about  meters  for  MSS-5.  Hence 
even  though  MSS-5  is  the  better  channel 
for  observation  of  hp/h^,.  (because  of  its 
independence  of  d,(X)).thc  variations  in 
hp/hw  that  can  be  observed  are  only 
those  that  take  place  in  the  upper  2-3 
meters.  It  should  be  emphasized  again 
that  the  above  discussion  refers  only  to 
the  case  of  no  phytoplankton  (chloro- 
phyll). 
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FKi  7.  Mean  penetration  depth  vs  the  ratio  of  particle  scattering  coefficients  to  water  scattering 
coefficient,  averaged  over  the  MSS-4  and  MSS-5  filter  functions.  Backscattering  fraction  is  0.025; 
absorption  coefficient  for  yellow  substances  is  varied  from  0 to  0.050  in  each  channel. 


Equation  (1)  identified  three  compo- 
nents to  the  radiation  received  by  a 
satellite;  diffu.se  radiation  from  beneath 
the  sea,  atmospheric  radiation,  which  is 
mostly  scattered  light,  and  the  radiation 
reflected  from  the  sea  surface  itself. 
Because  the  surface  component  to  N can 
dominate  the  scene  (i.e.,  sunglint),  atten- 
tion is  now  turned  to  investigating  sea 
state  effects  on  upwelling  spectral  irradi- 
ance. 

Let  p((-))  be  the  Fresnel  reflectance 


from  a calm  surface  where  again  0 is  the 
zenith  angle  (angle  of  incidence).  Then 
the  total  reflectance  (p)  from  the  ocean’s 
surface,  in  the  absence  of  foam,  white 
caps,  and  glitter,  is  given  by 
in  n/i 

/a  fo  p(0)A'oS'n0  cos0  </0  d\p 

p= ,(I5) 

in  n/i 

//o  A'osin0  cos©  r/0  d\li 

where  the  integration  is  over  27T  Steri- 
dians  (0,i/^).  Even  though  No(X)  is 
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WAVELENGTH  (nm) 

FIG,  H.  Theoretical  spectra  computed  for  three  fractions  of  the  sea  surface  covered  with  white 
caps,  foam,  or  specular  reflectors.  Solid  line  uses  the  ratio  of  particle  scattering  to  water  only 
scattering  of  I 28;  dashed  line  uses  M for  the  ratio.  Yellow  substance  absorption  coefficients  used 
were  0.01  and  0.001  for  the  solid  and  dashed  lines,  respectively.  This  represents  summer  flow 
solar  zenith  angle)  conditions  at  the  latitude  of  the  Gulf  of  Mexico 


Strongly  dependent  on  wavelength,  Saii- 
berer  and  Ruttner  (I ‘Ml)  have  shown 
that  for  zenith  angles  less  than  40°,  p is 
essentially  nondispcrsive.  Therefore. 
Anderson’s  (1954)  value  of  p = 0.03  is 
adopted  for  zenith  angles  <40°.  and  it  is 
assumed  constant  for  the  400-700  nm 
interval  of  interest.  The  upwelling  irradi- 
ance  from  the  ocean  above  the  sea 
surface  (//(0,+  ))  is  the  sum  of  the  diffuse 
component  from  beneath  the  surface 
(RjlHO,-)),  and  the  surface  component 

(p//(0,-)). 

Cox  and  Munk  (1954)  have  shown 
that  for  solar  zenith  angles  less  than  70°. 
Fresnel’s  law  is  valid  in  a Beaufort  4 


wind  f~8  ni  sec"' ).  As  white  caps  and 
foam  cover  larger  areas  of  the  sea  sur- 
face. however,  p will  be  altered  because 
these  features  are  approximately  Lam- 
bertian. nondispersive,  and  have  an 
albedo  of  1.  Thus,  they  contribute  uni- 
form irradiancc  above  the  surface  (,/• 
//(O.-  ))  where,  as  before,  / is  the  fraction 
of  the  sea  covered  by  these  diffuse 
retlectors.  Therefore 

//(0,+  )=/?j//(0,  )+(p(l  /)+/)//{0,  ).  (16) 

The  computed  spectrum  of  upwelling 
irradiancc  for  solar  zenith  angles  less 
than  40°  as  a (unction  of  ./  is  given  in 


504 


LANDSM  1 ANDOIMRM  0(  I ANOllRAPl'V 


III 


Fig.  S.  Values  ol  //(O,  ) observed  by 
lyler  and  Smith  (ld70)  in  the  Ciull' 
Stream  at  25°  45'.V  on  3 July  Idu?  are 
used  in  Fii,  ( 1(>).  The  dashed  lines  are  lor 
values  ol  /'p  ''/’»■  = 32.  a,  = 0.001  and  are 
representative  of  C'lulf  Stream  waters. 
The  solid  lines  use  hp!l\.  = 1 2K,  a,  = 
0.01  and  are  representative  of  coastal 
waters  (compare  the  /=()  case  with  the 
insert  to  Fig.  I ).  /Jp  = 0.025  for  these 
calculations  (cf.  Fig.  2 and  3.). 

Consider  the  spectrum  where  lO'v  of 
the  sea  is  covered,  and  the  spectrum 
where  no  white  caps  or  foam  are  present. 
Not  only  has  the  intensity  changed  but 
the  shape  is  also  altered.  The  solar 
spectrum  is  fairly  Hat  in  the  visible 
region:  U(O-)  550  nm  //(O.-  ) (“  (i50 

nm  ^ 1.2.  High  sea  states,  which  retlect 
nonselectively.  will  add  relatively  more 
long  wavelength  energy  to  the  upwelling 
irradiance.  Clark,  Ewing,  and  Lorenzen 
(1970)  have  attempted  to  minimize 


these  effects  in  the  measurement  of 
ocean  spectra  from  aircraft  by  observing 
the  ocean  at  Brewster’s  angle  (directed 
away  from  the  sun)  through  a polarizing 
filter.  The  degree  to  which  these  calcula- 
tions affect  their  results  is  not  known. 
For  LANOSAT-I,  the  MSS  views  the 
earth  at  angles  ±5°  from  the  nadir 
without  polarizing  filters.  The  sun’s  glit- 
ter affects  the  upwelling  radiance 
(Strong,  1973).  and  this  is  a function  of 
the  solar  declination.  Similarly  other  sea 
state  effects  on  the  upwelling  spectra 
change  the  radiance  in  an  MSS  band. 

In  Fig.  9(a)  the  irradiance  is  plotted  as 
a function  of  f for  the  central  wave- 
length of  the  MSS-4  and  MSS-5.  The 
curves  arc  linear  as  expected  from  Eq. 
(lb)  and  arc  wavelength  dependent.  At 
550  nm  the  irradiance  increases  more 
quickly  with  f than  at  650  nm.  This  is 
due  to  the  shape  of  the  solar  spectrum 
and  the  ratio  discussed  above.  In  Fig. 


FRACTION  OF  WHITE  CAPS  (f) 


FIG.  “i.  (a)  Upwelling  irradiance  in  the  l.ANDSAT-1  MSS-4  (550  nm)  and  MSS-5  (650  nm) 
intervals  as  a function  of  sea  state  for  the  two  water  types  used  in  Fig.  4.1.  Solid  and  dashed  lines 
are  as  in  other  figures,  (h)  Irradiance  ratio  as  a function  of  fraction  of  surface  reflectors.  The  ratio 
is  seen  to  he  a function  of  both  water  type  and  sea  state. 
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9(b)  is  plotted  the  irradiance  ratio 
//(0-)  ^ 550  nm  •b  //(O,-)  650  (“  nm  as 
a function  of  /.  The  ratio  decreases 
rapidly  as  the  sea  slate  builds,  but  then 
tends  to  level  off.  Further,  the  ratio  is 
not  the  same  for  the  two  water  types 
chosen  here,  which  means  that  sea  state 
effects  are  not  only  a function  of  the 
fraction  of  white  caps,  but  also  the 
optical  properties  of  the  water  itself. 
Unless  the  spot  size  of  a remote  sensor  is 
small  enough  to  discriminate  white  caps, 
the  effects  of  sea  state  will  not  only  alter 
the  interpretation  of  the  in  situ  optical 
properties  of  the  water,  but  will  domi- 
nate the  spectral  variability. 

The  linear  dependence  of  upwelling 
irradiance  as  a function  of  the  fraction 
of  white  caps  (J)  suggests  that  a simple 
correction  scheme  for  sea  state  effects  is 
possible  (Fig.  9(a)).  At  longer  wave- 
lengths (>700  nm)  the  absorption  coeffi- 
cient for  water  becomes  very  large,  and 
the  .Vj(X)  component  of  Fq.  (1)  is  the 
dominant  oceanic  variable.  At  approx- 
imately 1000  nm.  in  the  reflected  in- 
frared. the  absorption  coefficient  for 
water  reaches  a maximum,  and  the  trans- 
mittance of  the  atmosphere  is  also  a 
maximum.  If  A'a(X)  can  be  obtained,  or 
reduced  to  a standard  value  (e.g.,  Curran. 
1972),  then  an  absolute  measure  of  .V  at 
1 000  nm  provides  a measure  of  ,/  in  a 
cloud-free  atmosphere. 

Several  investigators  have  proposed 
using  the  radiant  energy  at  a few  wave- 
lengths to  infer  concentrations  of  chloro- 
phyll-t/  in  multispectral  scanner  outputs 
(Szekielda,  1973),  in  differential  radiom- 
eters (Arveson,  1972).  from  slopes  in 
aircraft  spectra  (Clark  et  al.),  and  in 
photographs  (Baig  and  Yentsch,  1969). 


From  the  above  discussion  it  is  seen  that 
such  ratios,  differences,  and  slopes  are 
strongly  intiuenced  by  sea  slate;  this 
factor  was  not  considered  in  their  work. 


Spcctroradiometer  Observations 

Optical  properties  of  the  ocean  as  they 
relate  to  the  upwelling  spectrum  at  the 
sea  surface  must  be  understood  before 
LANDSAT-1  data  can  be  interpreted. 
Upwelling  irradiance  from  3 meters 
above  the  surface  given  in  Fig.  1 0 was 
observed  using  the  same  1 /4  meter  Fbert 
spectroradiometer  used  for  the  rellec- 
tance  spectra  in  Fig.  1 . These  observa- 
tions were  made  during  the  time  frame 
of  Fig.  14  and  represent  the  water  types 
shown  in  that  image.  All  spectra  were 
carefully  selected  to  represent  approxi- 
mately the  same  downwelling  irradiance. 
sea  state,  sun  angle,  cloud  cover,  and 
absence  of  bottom  inlluence.  Specular 
retlection  due  to  waves  was  minimized 
by  preselecting  ten  spectra  with  similar 
shapes  that  did  not  contain  anomalous 
landom  peaks.  From  digitized  records, 
averages  and  standard  deviations  (o) 
were  computed  at  7 nm  wavelength 
intervals;  if  values  exceeded  the  average 
by  lo.  they  were  rejected  and  a new  mean 
computed.  Absolute  values  of  the  spec- 
tra arc  traced  to  NBS  through  the 
2-mcter  integrating  sphere  at  NASA’s 
Goddard  Space  Flight  Center;  reported 
values  have  a ±3*^  error  band  (L.  Blaine, 
personal  communication). 

The  data  in  Fig.  10  can  be  used  to 
interpret  ocean  color  as  measured  by  the 
multispectral  scanner.  The  energy  in  an 
MSS  band  at  the  sea  surface  is 
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f'lG,  10,  Observed  upwelling  speclral  irradiance  in  (he  Gulf  of  Mexico,  November  The  three 
spectra  represent  typical  observations  during  the  lime  series,  and  show  the  shift  of  the  dominant 
wavelength  to  larger  values  with  increasing  surface  chlorophylls;.  These  spectra  include  the  surface 
component  ,Vj, 


1=  /o 

J 0 


M0.+  )=  /0(X)lN',(X>+.Vj(X)l  dX,  07) 


wlierc  </i(X)  is  the  filter  fvinetion  of  the 
miiltispeetrdi  seanner;  ;V  is  in  units  of 
watts  cin'^  sf' . and  (j>  is  approximately  a 
itate  function  for  each  MSS  band 
(0(MS.S-5)^I  for  600<X<700,  and  0 
otherwise).  I he  spectra  in  F'ig,  10  are 
upwelling  irradiance  (//(0.+))  and  are  re- 
lated to  upwelling  radiance  CV(0,+);H(],  17) 

A'd  “ ) • //(O,  ) = //(0,+),  (18) 

Using  [:q,  (17),  the  spectra  were  inte- 


grated over  the  MSS-4,  MSS-5,  and 
MSS-(i  filter  functions  in  order  to  investi- 
gate the  properties  of  these  three  water 
types  as  LANDSAT-l  ground  truth.  The 
highest  .irradiance  values  for  the  Gulf 
Stream,  coastal  water,  and  plankton 
bloom  all  occur  in  MSS-4;  the  lowest  is 
in  MSS-(i  with  MSS-5  midway  between. 
The  plankton  bloom  is  distinguished  by 
having  the  highest  irradiance  in  each 
channel.  The  coastal  water  has  a higher 
irradiance  in  MSS-4  than  the  Gulf 
Stream,  but  the  situation  is  reversed  in 
MSS-5. 

In  the  preceding  section,  the  effect  of 
sea  state  on  ratios  and  differences  was 
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discussed.  To  test  techniques  of  ratios, 
sums,  and  differences  on  comininihlc 
spectra,  a series  of  numerical  tests  were 
made  from  the  integrated  irradiances. 
Combinations  of  all  three  channels  for 
one  water  type  were  compared  with  the 
same  combinations  for  the  otlier  water 
types.  It  was  quite  easy  to  differentiate 
on  the  basis  of  such  calculations  between 
the  Gulf  Stream  waters  and  the  coastal 
waters,  and  between  the  coastal  waters 
and  the  plankton  bloom,  however,  it  was 
not  possible  to  distinguish  between  the 
Gulf  Stream  and  the  plankton  bloom. 
For  example,  MSS-4  MSS-5  is  1 .4  for 
the  Gulf  Stream,  1.7  for  the  coastal 
water,  and  1.4  for  the  plankton  bloom. 
This  suggests,  as  the  theory  implies  (Eq. 
(9)),  that  even  in  the  absence  of  sea  state 
changes,  the  ratio  test  (MSS-4  MSS-5) 
is  not  likely  to  be  successful  in  specify- 
ing the  chlorophyll-r/  concentration. 

Clark  et  al..  noted  that  the  slopes  of 
their  aircraft  spectra  correlate  quite 
closely  with  chlorophyll  concentrations. 
They  did  not  specify  the  spectral  region 
where  the  slopes  were  calculated.  The 
spectra  in  Fig.  10  have  peaks  at  470  nm 
in  the  Gulf  Stream  and  at  530  nm  in  the 
plankton  bloom.  From  the  theoretical 
discussion  on  the  effects  of  ojglX)  and 
ff(X)  on  Rj(X),  it  would  be  fortuitous  if 
these  slopes  represented  changes  in  the 
chlorophyll  only.  There  may  of  course, 
be  biogeographic  regions  where  chloro- 
phyll and  spectra  are  canonically  related 
(Duntley,  1972).  However,  since  the 
data  in  Fig.  10  represent  near-surface 
spectra,  an  ocean  color  multispectral 
scanner  should  have  channels  centered 
near  470  and  530  nm.  The  effect  of  the 
atmosphere  (Hovis.  Foreman  and  Blaine. 


1 974;  Curran,  1 972 ) is  to  markedly  alter 
the  upwelling  radiance  at  satellite  alti- 
tudes. particularly  at  shorter  wavelengths 
«500  nm).  The  fact  remains  that  signifi- 
cant ocean  information  is  contained 
between  470  and  530  nm,  and  these 
wavelengths  must  be  considered  along 
with  a sea  state  channel  at  1000  nm. 

The  peak  in  the  plankton  bloom  spec- 
tra at  675  nm  (Fig.  10)  has  been 
explained  by  Gordon  (1974)  as  being 
caused  by  anomalous  dispersion  in  the 
particles,  which  cause  scattering  near  the 
chlorophyll-u  absorption  band.  The  max- 
imum in  the  absorption  band  occurs  at 
665  nm.  The  effect  on  the  upwelling 
radiance  is  to  cause  the  spectra  to  behave 
like  the  negative  derivative  of  the  absorp- 
tion in  the  vicinity  of  665  nm.  i.e..  a 
minimum  in  Rj(X)  occurs  at  655  nm. 
and  a maximum  at  675  nm.  This  suggests 
that  two  very'  narrow  channels  at  655 
nm  and  at  675  nm  in  an  ocean  color 
sensor  would  be  useful  in  identifying 
plankton  blooms  and  determining 
whether  the  absorbing'  pigments  are  in 
the  particles  or  dissolved  in  the  water. 

Probably  the  most  efficient  method  of 
determining  the  concentration  of  the 
constituents  in  the  ocean  will  be  to 
compare  theoretical  and  experimental 
spectra,  adjusting  the  constituent  con- 
centrations in  the  theoretical  spectra 
until  agreement  is  found.  This  of  course 
requires  a basic  understanding  of  the 
optical  properties  of  the  constituents, 
which  can  be  derived  only  from  careful 
in  sim  and  laboratory  experiments.  At 
the  present  time  much  energy  and 
money  are  being  expended  for  optical 
methods  to  locate  and  study  materials 
with  nearly  unknown  optical  properties 
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H(i.  I I . location  ol  tin.'  1 ANDSA  I -I  imagos  in  lig.  1 14  and  1 5 are  superimposed  on  a map  of 
the  soiillieastern  (iulf  of  Mexieo.  file  palhlines  are  the  location  of  the  22°  C isotherm  at  100 
meters  depth  for  September  27-2X,  l'»72  and  November  2-3,  m72.  These  cruises  were  made  at  36 
day  intervals,  in  s\  nchroni/ation  with  every  other  HRTS  transect  (after  Maul,  14751. 


stispotuk'tl  tir  tiissolvetl  in  ;i  mcilitttii  with 
only  poorly  ktiowti  optical  properties, 
Lttek  of  ktuiwletlue  of  the  optical  para- 
meters tilieetini!  ret’leetanee  tiutst  be 
overcome  before  si,i>nifieatit  progress  can 
be  mtnie. 


Satellite  Observations 

Several  extimpies  of  LANDSA'I'-I 
observatiotis  of  the  (iiilf  Stream  systetn 
are  given  in  bigs,  1.3.  14,  atui  l.S.  The 
kieation  of  each  of  these  images  is  given 
in  I'ig.  I 1,  which  also  itieltitles  palhlines 
of  the  22°C  isothenn  at  10(3  meters 


depth  made  during  satellite  transit.  As 
tioted  before,  this  isotherm  is  generally 
A/  14  (la  = ±10)  kilometers  to  the  left 
(facing  upstream)  of  the  cyclonic  edge, 
but  has  signitleant  variability  about  this 
mean  value  due  to  surface  winds,  curva- 
ture in  the  current,  and  current  speed.  It 
is  seen  that  significant  variability  exists 
in  these  pathlines,  only  3(i  days  apart, 
which  emphasizes  the  need  for  synop- 
icily  in  oceanographic  baseline  measure- 
ments for  remote  sensing. 

Diffuse  renectance  from  beneath  the 
ocean  is  rarely  more  than  0.05  (cf.,  inset 
to  F-ig.  1 ).  Renectance  from  the  ocean’s 
surface,  which  is  independent  of  this 


FIG.  12.  LANDSAT-1  scanlinc  plot  across  the  loop  current  front.  Top  scanline  is  MSS-4,  next 
MSS-5,  MSS-6,  anil  MSS-7  on  the  bottom.  The  large  energy  spikes  are  clouds.  At  scan  spot  number 
*750  there  is  an  increase  in  the  average  value  of  the  digital  number  of  I or  2;  this  marks  the 
cyclonic  edge  of  the  current. 
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diffuse  retlectance,  has  hecri  shown  to  he 
comparable  or  even  substantially  larger 
depending  on  sea  state.  Rcnectance  from 
clouds  and  agricultural  scenes  however, 
is  sometimes  an  order  of  magnitude 
greater  than  from  the  ocean,  even  in  the 
500-600  nm  wavelength  region.  In  order 
for  the  NASA  Data  Processing  Facility 
to  produce  an  image  for  an  average  scene 
radiance,  the  ocean  signal  is  compressed 
into  the  lowest  few  gray  scales.  This  is 
clearly  illustrated  in  F-'ig.  1 2 which  is  a 
scanline  plot  across  the  boundary  of  the 
Loop  Current  from  the  multispectral 
scanner.  The  large  spikes  in  all  four 
channels  are  clouds;  there  seems  at  first 
glance  to  be  very  little  change  in  digital 
number  (/TV),  which  is  proportional  to 
radiant  intensity,  as  a function  of  the 
sample  number.  However,  careful  exam- 
ination shows  that  the  average  value  of 
the  /TV  at  samples  greater  than  the 
number  950  is  slightly  larger  than  those 
before  this  point.  It  will  be  shown  that 
this  marks  the  transition  to  higher  radi- 
ances caused  by  increased  sea  state  in  the 
current. 

In  order  to  graphically  display  this 
small  change  over  a two-dimensional 
region,  computer  enhancement  is  neces- 
sary, Techniques  for  ocean  radiance  lev- 
els have  been  stvidied  by  Maul,  Charnell, 
and  Qualset  (1974),  and  an  extension  of 
their  results  will  be  used  here.  The 
technique  discussed  here  is  a modifi- 
cation that  allows  automatic  selection  of 
the  D.\'  range  for  a given  ocean  scene. 

The  ocean  radiance  from  MSS-7 
(800-1100  nm)  is  all  constrained  to 
0</T.V<(()-0.29  mW  cm'^  sr  ' ).  Ihe  low 
radiances  are  caused  by  the  very  large 
values  of  the  absorpition  coefficient  of 


water  at  these  wavelengths.  Clouds  (cf. 
Fig.  12)  and  land  however,  have  large 
near  infrared  rellectance  and  are  almost 
always  above  the  /TV  range  cited.  This 
allows  the  computation  of  a binary  mask 
wherein  all  /TV<4  in  MSS-7  are  set  to  1 
and  all  others  are  set  equal  to  0.  The 
data  matrix  of  an  MSS  band  of  interest 
when  masked,  leaves  only  the  ocean 
values  for  statistical  analysis. 

Cox  and  Munk  (1954)  have  shown 
that  the  freciuency  distribution  of  ocean 
radiances  is  Gaussian  to  a very  good 
approximation.  Within  the  limits  of  reso- 
lution of  the  spacecraft  data,  histograms 
of  masked  MSS-4  or  MSS-5  radiances  are 
also  approximately  Gaussian,  which  is 
consistent  with  the  results  of  Cox  and 
Munk.  Gaussian  properties  will  be  used, 
but  with  the  reservation  that  the  coarse 
radiance  quantization  of  LANDSAT-1 
over  the  ocean  departs  from  the  contin- 
uous function,  especially  at  large  stan- 
dard deviations.  The  masked  matrix  is 
contrast  stretched  by  computing  a 
stretch  variable  (f)  from 

(DN  + K a)  - AvT' 

^ 

2x0  J 

where  M is  the  maximum  value  allowed 
by  the  digital  to  analog  output  device. 
DN  is  the  average  scene  radiance,  « is  a 
constant,  a is  the  standard  deviation 
about  DN,  and  ii  is  a constant.  If  it  is 
desired  to  include  95%  of  the  masked 
data,  K =2;  for  99%  k =3,  etc.  All  values 
of  DN  > (DN  + Ko)  are  set  to 
(DN  Ko)  and  similarly  those  values  of 
DN  < (DN  - ko)  are  clipped.  Equation 
(19)  produces  a negative  image  of  the 
input  digital  image.  Positive  whole  inte- 
gers n further  stretch  the  low  radiance 
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FIG.  I.l.  Negative  print  of  computer  enlianceil  ( 1 ) MSS-.‘'  image  of  the  cyclonic 
boundary  of  the  Gulf  Loop  Gurrent.  Surface  vessel  track  confirmed  the  location  of  the  current  to 
be  the  darker  shade  (higher  radiance)  region  on  the  righthaiul  side  of  the  image  (IRIS  II) 
I ()(i.S-l  ,S4 1 I).  Scanline  plot  in  l ig.  I J is  taken  along  the  dashed  line  in  the  middle  of  the  scene. 
Ilori/ontal  distance  across  the  image  is  '•()  kilometers. 
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values,  but  this  produces  a nonlinear 
output  and  must  be  avoided  when  com- 
paring images  to  ocean  spectra.  The 
graphic  result  of  using  this  equation  on 
the  scanline  data  from  which  Fig.  1 2 was 
taken  is  given  in  Fig.  1 3. 

Figure  1 3 is  a negative  print  of  the 
area  due  north  of  the  Yucatan  Strait 
using  MSS-5  data.  Computer  enhance- 
ment in  this  image  uses  only  five  grey 
scales  of  the  128  levels  available;  all 
values  below  (D.\  - 2a)  are  set  to  127 
and  all  above  (DN  + 2a)  are  set  to  0.  The 
boundary  between  the  resident  Gulf 
waters  (left)  and  the  current  (right)  is 
seen  as  a transition  from  light  to  dark 
tones,  respectively.  The  exponent  n was 
set  equal  to  i for  this  experiment.  Figure 
14  is  an  enhancement  of  the  Loop 
Current  boundary  located  in  Fig.  1 1 , 
which  uses  MSS-4  data.  In  this  negative 
image  of  the  western  Florida  Keys,  water 
from  Florida  Bay  extends  into  the  Flor- 
ida Straits  and  is  entrained  by  the 
Florida  Current.  MSS-4  can  detect  both 
absorption  and  scattering  changes  where- 
as MSS-5  is  essentially  limited  to  scat- 
tering effects  as  shown  theoretically  in 
Figs.  2 and  3.  The  current  boundary  in 
both  Figs.  13  and  14  was  delineated  by 
surface  vessel  tracks  during  the  day  of 
the  satellite  transit. 

In  the  time  period  of  Fig.  13,  the 
winds  were  from  the  northeast  at  12-14 
m/sec,  whereas  in  Fig.  14  they  were 
easterly  at  3-5  m/sec.  When  wind  and 
waves  run  in  opposition  to  a current,  the 
waves  quickly  steepen,  break  and  gen- 
erate white  caps  ai.d  foam  on  the  sur- 
face. For  weather  conditions  such  as 
encountered  during  the  trackline  used  to 
support  Fig.  13,  Ross  and  Cardone 


(1974)  report  that  as  much  as  \07i  of 
the  sea  surface  will  be  covered  with  these 
diffuse  reflectors.  Shipboard  records 
confirm  this,  but  the  sea  state  was  much 
higher  in  the  current  than  in  the  resident 
Gulf  waters.  The  effect  of  these  condi- 
tions on  the  upwelling  irradiance  was 
given  in  Fig.  8.  Consider  that  the  sea 
state  in  the  current  causes  the  /=  0.1 
spectrum  and  that  in  the  resident  Gulf 
waters  is  given  by  the  / = 0.05  spectrum 
labeled  coastal  water.  In  the  MSS-5 
bandpass  interval,  //(0,+  ) is  larger  in  the 
current  than  in  the  coastal  water;  the 
high  radiance  values  on  the  right  hand 
side  of  Fig.  13  come  from  the  current. 
MSS-5  is  more  sensitive  to  small  sea  state 
changes  than  MSS-4.  MSS-5,  therefore,  is 
a better  choice  for  locating  the  Gulf 
Loop  Current  in  the  open  sea,  because 
there  the  optical  properties  of  the  cur- 
rent and  surrounding  waters  are  not 
significantly  different  (Maul,  1975). 

In  the  observations  of  Fig.  14.  a 
different  conclusion  is  drawn.  Shipboard 
records  show  that  the  sea  state  was  the 
same  in  both  waters.  Here  the  upwelling 
radiance  is  dominated  by  the  RjfHO,-) 
component,  and  the  color  change  allows 
detection  of  the  current’s  boundary. 
Thus,  it  is  seen  that  the  current  can  be 
detected  with  opposite  radiance  distri- 
bution depending  on  the  dominance  of 
surface  or  subsurface  variables.  This  can 
work  against  locating  the  current  if  both 
sources  of  energy,  in  and  out  of  the 
current,  add  up  to  the  same  net  radiance. 

An  interpretation  of  coastal  obser- 
vations from  LANDSAT-1  is  given  in 
Fig.  15,  which  is  a computer  enhanced 
MSS-6  negative  image  of  southeastern 
Florida.  The  dark  lineation  paralleling 
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H(t.  15.  print  ol  computi.'r  cimtr.i',1  stri’tclKvl  l‘'.n=2l  l .\Nl)S\T-l  image  of 

South  I loriilj  ( I K I S II)  1020-152.5(1).  I he  I loriila  ( urrent  can  he  seen  as  a line  of  dark  lincation 
parallel  to  the  coast,  hottom  is  essentialls  invisible  in  this  \ISS-o  scene  .\  ship  can  he  seen  by  its 
characteristic  \ -sliapeil  wake  just  ollshore  ot  Miami  Beach  I’ossihK  the  \ irginia  Key  sewer  outfall 
area  can  he  ohserveil  hy  its  low  relleitance  iliie  to  an  organic  ^hek  llori/ontal  distance  across  the 
image  is  00  kilometers. 
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the  coast  in  the  upper  portion  of  the 
image  is  a zone  of  high  reflection  caused 
by  locally  increased  .V’s  along  the  edge  of 
the  Florida  Current.  The  increa.se  in 
surface  reflectance  is  probably  caused  by 
surface  wave  interaction  with  the  cy- 
clonic boundary  and  is  not  bottom 
influence.  Another  e.vample  of  the  dom- 
inance of  .Vj  is  the  bright  slick  areas  (low 
.V)  off  the  Virginia  Key  sewer  treatment 
plant.  This  probably  is  caused  by  the 
dampening  of  the  glitter  causing  capil- 
lary waves  in  the  oil  film  (Stumpf  and 
Strong.  l'->74)  associated  with  the  or- 
ganic slick.  The  slick,  which  appears  to 
have  drifted  south  past  the  popular  Key 
Biscayne  beaches,  offers  an  explanation 
of  the  narrow  lineation  offshore  in  the 
Florida  Straits:  a pa.ssing  ship  heading 
south  that  is  pumping  her  bilges  would 
cause  a similar  feature  on  the  image. 
Note  that  the  organic  slicks  observed 
here  strongly  affect  the  upwelling  radi- 
ance and  this  must  also  affect  the  ratios 
discussed  earlier.  The  glitter  pattern’s 
non-uniformities  further  contribute  to 
the  complication  in  analyzing  these  data 
for  (juantitative  results. 

Estimation  of  Suspended 
Particle  Concentrations 

The  cyclonic  boundary  has  been 
shown  to  be  a region  where  the  volume 
scattering  function  changes,  which  im- 
plies that  suspended  particle  concen- 
tration also  changes.  This  suggests  that 
the  ratio  of  scattering  due  to  particles  to 
that  of  water  also  changes,  and  attention 
is  now  turned  to  the  problem  of  esti- 
mating hplh^.  or  some  related  quantity 


from  satellite  observations.  Since  the 
above  theoretical  calculations  are  only 
for  the  case  of  negligible  phytoplankton 
(chlorophyll)  concentrations,  criteria 
must  he  found  from  which  to  choose  the 
LANDSAT-1  channels  that  will  satisfy 
this  constraint.  Also  unless  only  MSS-.S  is 
used,  it  is  expected  that  yellow  sub- 
stance is  important  especially  in  coastal 
regions  where  river  runoff,  etc.  may  be 
considerable.  Furthermore,  there  is  the 
additional  problem  that  the  reflectance 
depends  on  Bp.  which  is  also  unknown, 
as  well  as  hplhy^..  A method  is  now 
developed  that  partially  overcomes  some 
of  these  problems.  Considering  the  ra- 
diances observed  in  MSS-4  and  MSS-5. 
approximately 

A’4  — ctaA j4  + 74A^y4  + . 

CO) 

As  =Qs.\j5  + 75.^I5  + Ajs, 

where  a,  and  7,  (/  = 4.  .S)  are  the 
fractions  of  Sj,  and  .Vj,  (measured  at 
the  sea  surface)  that  reach  the  sensor.  It 
is  assumed  that  a,  and  7,  are  constant 
over  a LAN  OS  AT- 1 frame  (if  they  vary 
in  a known  way.  their  influence  is  easily 
accounted  for  and  will  not  be  discussed 
further).  Now  from  the  theory  (see  again 
Fig.  6) 

bp 

/Vj4  = • 


where  A 4 and  A,  are  essentially  indepen- 
dent of  hplhf^..  but  dependent  directly 
on  Bp.  Taking  the  horizontal  gradient, 
of  Eq.  (20)  using  Eep  (21). 
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(22) 


7//A/4  or  Vf/Ns  ~ V;/ (particle  concentration). 

(2.3) 


since  Na,  is  nearly  constant  over  a frame 
The  last  term  in  Eq.  22, 
is  the  horizontal  gradient  of  the  reflected 
radiance  from  the  sea  surface.  This  is 
nearly  zero  everywhere  except  where  the 
sea  state  changes  dramatically  with  hori- 
zontal distance  (for  example  in  Figs.  13 
and  1 5 ).  Nearly  everywhere  on  the 
frame  =0.  so 

p,, 

Again  Q4  is  constant  (or  slowly 
varying)  over  the  scene.  Thus,  almost 
everywhere  in  the  frame,  variations 
in  ^//.\'4  ^//A  s are  the  result  of  vari- 

ations in  A4/A4.  Now  if  fip  is  constant, 
or  if  the  "mean"  lip  is  constant  in  each 
wavelength  band,  this  would  imply  that 
only  the  concentration  of  scattering  par- 
ticles varies  over  the  fringe,  i.e..  not  the 
nature  of  particles  or  their  size  distribu- 
tion. In  this  case,  k^lkf  would  be 
constant.  Essentially  A4  A 5 will  vary  if 
the  nature  or  size  distribution  of  the 
particles  varies  over  the  frame  (lip 
changes),  or  if  the  yellow  substance 
concentration  varies  considerably  over 
the  frame,  which  would  force  A 4 to  vary 
independently  of  A^.  If  it  is  found  that 


7//A4 

~ ( unslant. 


(24) 


it  is  reasonable  to  expect  that  only  the 
particle  concentration  changes  over  the 
frame.  In  this  case 


These  relations  shoid-*  also  apply  to 
scenes  containing  phytopiankton  if  they 
are  the  dominant  scatterers;  for  mixtures 
of  phytoplankton  and  suspended  white 
particles,  one  would  expect  Eq.  24  to  be 
violated  over  a scene  if  the  relative 
concentrations  vary  drastically.  To  reit- 
erate, if  Eq.  (24)  holds,  probably  only 
the  particle  concentration  varies  over  the 
frame,  and  Eq.  (25)  can  be  used  to 
measure  the  gradient  of  its  concentra- 
tion. -Since  Up  is  unknown,  the  actual 
concentration  is  indeterminate  without 
ground  truth  to  better  than  a factor  of 
two.  since  this  is  the  assumed  uncer- 
tainity  in  lip. 

Ec, nation  (25)  was  applied  to  MSS-4 
and  MSS-5  in  Fig.  I(i.  Ihis  computer 
enhanced  negative  image  of  the  Cape 
Hatteras  region  shows  what  appears  to 
be  large  gradients  in  suspended  sediment, 
rite  Gulf  Stream  apparently  has  en- 
trained particles  from  Raleigh  Bay  and  is 
carrying  them  out  to  sea.  Along  the 
scanline  shown  in  Fig.  K'. 

^|V4l  =g  ^|.V,1  W,  (26) 

o.v  d.v 

has  been  computed. 

The  least  srpiares  value  for  g is  0.38. 
for  h is  0.00.  and  the  linear  correlation 
coefficient,  r.  is  0.74.  The  coefficient  of 
determination,  , which  is  the  ratio  of 
the  explained  variation  from  the  mean 
(by  ;lhe  least  squares  line)  to  the  total 
variation,  is  55";.  Physically  this  means 
that  this  image  may  be  useful  for  de- 
termining particle  concentrations  but 
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MC'i.  16.  Contrast  stretched  ( 4</J.V<l  2;  ) negative  image  of  the  ocean  area  offshore  of  Cape  ; 

llatteras  ( I R I S II)  I I .^2-1  5042).  The  Gulf  Stream  can  be  seen  as  the  bright  area  to  the  south  of 

the  entrained  sediment  from  the  coastal  estuaries.  The  least  squares  fit  of  Tq.  (26)  was  done  along  I 

the  scanhne  north  of  the  Cape  and  extending  from  nearshore,  through  the  suspended  sediment  and 

into  the  current.  I xtensions  of  this  plume  were  observed  for  1 50  kilometers  further  east  on  other  j 

LANDS  \ 1-1  images.  Ilori/.ontal  distance  across  the  image  is  1.45  kilometers. 

1 
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SCAN  SPOT  NUMBER 

FIG.  17.  GraJient  of  raJiancc  received  at  the  satellite  in  MS8-4  and  MSS-5  along  the  ocean  line 
shown  on  Fig.  16.  Scan  spot  numbers  arbitrarily  start  at  I.  which  is  just  off  the  image  in  the 
previous  figure  and  over  the  coast. 


Bp,  o)(,  (i.e.,  t/v ).  or  hp  'hw  may  bo 
changing.  Tlic  extent  to  wliich  tiiis  hoIJs 
true  in  natural  waters  is  unknown;  this 
will  be  extensively  tested  in  the  New 
York  Bight  area  where  turbidity  tnea- 
stirements  are  beitig  made  by  NOA.A 
vessels  concurrent  with  LAND.SAI'-I  and 
2 transits  (cf.  Matil.  et.  al..  I ‘>74). 

F'igtire  I 7 is  a plot  of  the  horizontal 
gradient  from  M.SS-4  and  .MSS-5  alotig 
the  scanline  marked  in  Fig.  lb.  and  least 
square  analyzed  by  Fq.  (2b).  The  data 
have  been  filtered  with  a low-pass 
Lanezos  kernel,  b db  down  at  100  scan 
spots.  As  an  example  of  the  need  to 
filter  these  data,  consider  again  the  raw 
scan  line  plot  in  Fig.  1 2.  when  the 


derivative  is  taken,  the  high  wave 
number  variability  dominates,  and  little 
useful  information  can  be  extracted. 

Samples  I -1 00  or  so  are  on  land,  but 
the  remainder  are  over  water.  MSS-4 
appears  to  follow  MSS-5  ijuite  well  in 
the  ocean  area,  even  though  the  coeffi- 
cient of  determination  is  low.  Fhe 
gradient  in  MSS-5  is  larger  than  in 
MSS-4.  This  is  caused  by  loss  of  contrast 
in  MSS-4  due  to  atmospheric  scattering 
and  is  the  reason  many  ocean  investi- 
gators using  LANDSAl-l  data  prefer 
MSS-5. 

Conclusions 

This  research  has  been  primarily 
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imdertakcti  to  evaluate  tlie  use  of  an 
ocean  color  sensing  satellite  for  ob- 
serving currents  in  the  subtropics.  The 
Gulf  of  Mexico  was  chosen  as  a test  site 
because  there,  the  cyclonic  boundary  of 
the  Gulf  Stream  System  cannot  be  de- 
tected by  infrared  techniques  during  the 
summer,  and  this  current  is  the  major 
circulation  feature  of  the  eastern  Gulf. 

From  the  results  of  this  study,  it  has 
been  shown  that : 

1.  Using  ocean  color  sensing  satellites 
to  detect  the  (>ulf  Loop  Current 
(and  other  baroclinic  Hows)  is  fea- 
sible. but  L.ANDSAT-l  is  not  an 
ideal  vehicle  because  of  sensor  gain 
settings,  multispectral  scanner 
wavelength  channels,  and  the 
I 8-day  revisit  cycle. 

2.  (Tirrents  can  be  detected  by  color 
sensing  satellites  in  two  ways:  a 
color  change  across  the  cyclonic 
boundary  (changes  in  the  optical 
properties  of  the  water),  and  a 
change  in  sea  state  at  that  bound- 
ary (changes  in  surface  albedo). 
That  is.  the  current  boundary  can 
be  detected  by  changes  in  the 
surface  reHectance.  .\'s.  as  well  as 
the  diffuse  rellectance.  \j.  from 
below  the  surface:, Vj.  however,  is 
dependent  on  both  /i(X)  and 

‘I'll!  ll'iis  the  spectral  inter- 
pretation of  the  ocean  color  re- 
quires surface  truth  measurements 
for  meaningful  results. 

-T  Particle  concentrations,  which  can 
delineate  currents,  can  be  estimated 
in  MSS-.*!  if  the  ratio 
^//.V;  is  rca.sonably  con- 
stant over  a scene,  MSS-4  is 
strongly  innucnced  by  yellow  sub- 


stance, and  particle  estimation 
based  on  these  data  are  invalid  in 
many  coastal  zones. 

4.  Radiance  range  of  LANDSAl-l 
bandpass  sensors  for  the  ocean,  is 
estimated  from  the  computer 
enhanced  images  to  be 

MSS  Range  (mW  cnT^sr"'  ) 

4 ' O.I.S-O.?.*! 

.*!  ().0.‘i-0..T‘! 

6 O.O.S-0.2.*! 

7 0.05-0.40 

Contrast  stretching  is  required  to  ob- 
tain useful  information  for  ocean  current 
boundary  location. 

Finally  it  must  be  emphasizeil  that 
these  results  are  invalid  if  bottom  rellec- 
tion  is  encountered.  In  very  turbid 
waters,  where  the  penetration  depth  of 
light  is  small,  these  techniques  may  be 
extended  into  very  shallow  waters.  These 
turbid,  shallow  regions  are  frequently 
rich  in  yellow  substance  however,  and 
extreme  caution  must  be  exercised  in 
inferring  suspended  particle  concentra- 
tion. 

UV  wish  to  acknowledge  the  assistance 
of  R.  L.  Charnel!  and  R.  M.  Qualset  for 
many  fruitful  discussions  and  computer 
programming.  This  work  was  in  part 
supported  hy  .V,4.V.4  contract 
S-  7024fw\  G. 


References 

Anderson,  E.  R.  (|d.S4).  Energy  Budget 
Studies,  in  tVarer  t.oss  hirestigalions:  Lake 
Hefner  Studies,  U.S.  Geological  Survey  Pro- 
fessional Papers  269,  pp  71-1  17. 


520 


LANDSAT-I  ANDOPTK  Al  OCPANOdRAl'in 


127 


Arvcsen.  J.  ('.  (1‘)72),  Fourth  Annual  Forth 
Resources  Review.  Vol.  IV,  NASA 
MSC-05^27,  pp  104-1  to  104-2. 

Baig,  S.  R.,  and  C.  S.  Yentsch  (1*^64),  Appl. 
Opt.  8(12).  2566-2568. 

Chandrasekhar,  S.  (1660),  Radiative  transfer, 
Dover,  New  York,  .^63  pp. 

Clark,  G.  L.,  G.  C.  Ewing,  and  C.  J.  Lorensen 
(1670),  .SWeme  167,  1 116-1  i:i. 

Committee  on  Colorimetry  of  the  Optieal 
Soeiety  of  America  (1653),  The  Science  of 
Color,  Optical  Society  of  America,  Wash- 
ington, D.C. 

Cox,  ('..  and  W.  Munk  (1654),/  Opt.  Soc.  Am. 
44(  11),  838-850. 

Curran,  R.  J.  (1672),  Appl.  Opt.  II  (8). 
1857-1866, 

Duntley,  S.  Q.  (1672),  Fourth  .Annual  Forth 
Resources  Review.  I'ol.  l\'.  N.AS.A 

MSC-05637.PP  102-1  to  102-25. 

Ednoff,  M.  E.  (|6~4),  Surface  phytoplankton 
communities  and  their  relationship  to  the 
loop  Current  in  the  Gulf  of  Mexico,  Master's 
thesis,  Elorida  State  University,  Department 
of  Oceanography.  Tallahassee,  187  pgs. 

(iordon,  II.  R.  (1673),  Appl.  Opt.  12, 
2804-2805. 

Gordon.  H.  R..  and  O.  B.  Brown  ( 1673).  .4 pp/. 
Opt  12,  1546-1551. 

(iordon,  II.  R.  (1674),  J.  Opt.  Soc.  64  (6), 
773-775. 

Gordon.  II.  R..  and  W'.  R.  McCluney  (1674), 
.Appl.  Opt.  14,413-416. 

Gordon.  H.  R.,  O.  B.  Brown,  and  M.  M.  Jacobs 
( 1675),  .Ipp/.  Opt.  14,417427. 

Hansen,  D.  V.,  and  G.  .A.  Maul  ( 1 670). /(cmyte 
Sensing  of  Fnvironmcnt  2,  161-1(4. 

llovis,  W A..  M.  1..  Eorman,  and  1 . R.  Blaine 
(1674).  Detection  of  ocean  color  changes 
from  high  altitudes.  NAS.A  GSEC  X 
-652-73-37l,Greenbelt,  Md„  25  pp. 

Jerlov,  N.  G.  Optical  Oceanography,  Elsevier, 
New  York.  1 64  pgs. 

Kalle,  K.  (1638),  Ann  Ilvdrol.  .Marine  .Mitt.  66, 
1-13. 

Leipper,  D.  E.  ( 1 670). /(;./?.  75  (3),  637-657. 

l.orenzen,  C.  J.  (1671 ),  J.  du  Conseil  Int'l  Pour 
I’Fxploration  de  la  .Mer  34,  ( 1 ),  I 8-23. 

Maul,  G.  A.  ( 1673),  Symposium  on  Significant 
Results  Obtained  from  the  Forth  Resources 


Technology  Satellite- 1 . NASA  SP-327,  Vol.  I 
(B),  pp  1365-1375. 

Maul,  G.  .A.,  and  H.  R.  Gordon  (1673),  Pro- 
ceedings, Third  FRTS-l  Symposium,  Vol.  I 
(B),  NASA  SP-351.PP,  1276-1308. 

Maul,  G.  A.  (1675).  An  Evaluation  of  the  Use 
of  the  Earth  Resources  1 echnology  Satellite 
for  Observing  Current  Boundaries  in  the  Gulf 
Stream  System,  NOAA  1 echn  cal  Report  (in 
press). 

Maul,  G.  .A,,  R,  L.  Charncll,  and  R.  H.  Qualset 
(1674),  Remote  Sensing  of  Fnvironment  3 
(4),  237-252. 

Mueller,  j.  1.  ( 1673),  PhD.  Dissertation  Oregon 
State  University,  Corvalis,  Oregon,  236  num- 
bered leaves. 

NAS.A  (1671).  Forth  Resources  Technology 
.Satellite  Data  Users  Handbook , N.ASA  Docu- 
ment No.  7ISD4246. 

Pet?.old,  T.  J.  (1672),  \'olume  Scattering  Func- 
tions jor  Selected  Ocean  Waters,  Scripps 
Institution  of  Oceanography,  Visibility  lab- 
oratory SIO  Ref,  72-28,  82  pgs. 

Preisendorfer,  R.  W.  ( 1661),  .Monogrs.  I.U.G.G. 
( 10).  I 1-30. 

Preisendorfer,  R,  W,  ( 1 665), /^u/iat/ir  Transfer 
on  Discrete  Spaces.  Pergamon.  New  York. 
46  2 pgs. 

Robinson,  M.  K.  (1673).  .Atlas  of  .Monthly 
Mean  Sea  Surface  and  Subsurface  Temper- 
ature and  Depth  of  the  Top  of  the  Ther- 
nioclinc  Gulf  of  .Me.xico  and  Caribbean  Sea. 
Scripps  Insiilution  of  Oceanography  Ref- 
erences 73-8,  105  pgs. 

Ross.  D.  B.,  and  V.  Cardone  (1674),  / 
Geophys.  Res  76  (3),  444-452. 

Sauberer.  E.,  and  E.  Ruttner  ( 1 64 1 ).  Akademie 
Verlag,  Berlin.  240  pgs. 

Stommel.  II.  (1666),  The  Gut)  Stream.  Cali- 
fornia. pp  62-65. 

Strong.  A.  E,  (1673),  ERTS-I  anomalous  dark 
patches.  National  Technical  Information  Ser- 
vice, N.AS.A  CR-13331  I 5;  E73-10747,  Spring- 
field,  Va. 

Strickland,  J.  D.  11,,  and  T.  R.  Parsons  ( |6(,8), 
A Practical  Handbook  of  Seawater  .Analysis, 
Fisheries  Research  Board  of  Canada,  Ottawa. 
3 1 1 pgs. 

Stumpf,  II.  G.,  and  A.  E.  Strong  (1674), 
Remote  Sensing  of  Fnvironment  3(1),  87-60. 


12S 


C;KJRC,t  AMAl'l  AVnUOWAKDR  <;OR|)()\ 


Szekiekla,  K.-M.  ( I‘)7,^),  ProceeJiiigs  oj  the  l-'all 
Convention  ASPASCM  Octoher  2-5,  I47JI, 
pp  (i64-7 1 >), 

Tyler,  J,  K.,  and  R.  C.  Smith  ( 1470),  Measure- 
ments oJ  Spectral  IrraJtance  VnJerwatcr , 
Gordon  and  Breach,  New  York,  lOd  pgs. 


I'yler,  J.  H.  R.  Smith,  and  W.  H,  Wilson,  Jr. 

( 1472),  y.  Opt.  Soc.  62  ( 1 ),  S.J-41. 

I da,  M.  (I4.JX),  Geophysical  Magazine  II  (4) 
307-372. 

Received  2 May  1 9 revised  I 9 ,Uuy  / 9 7.s' 


522 


Reprinted  from:  NOAA  Technical  Report  ERL  328-AOML  17,  46  p 

U.S.  DEPARTMENT  OF  COMMERCE 

Frederick  B.  Dent,  Secretary 

NATIONAL  OCEANIC  AND  ATMOSPHERIC  ADMINISTRATION 
Robert  M.  White,  Administrator 
ENVIRONMENTAL  RESEARCH  LABORATORIES 
Wilmol  N.  Hess,  Director 


NOAA  TECHNICAL  REPORT  ERL  328-AOML  17 

Examination  of  Water  Movement 
in  Massachusetts  Bay 


DENNIS  A.  MAYER 


BOULDER,  COLO 
January  1975 

For  sole  by  the  Superintendent  o<  Documents,  U.  S.  Government  Printing  Ottice,  Washington  D.  C 2M02 

523 


I 


DISCLAIMER 

The  Environmental  Research  Laboratories  do  not  approve, 
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approve,  recommend,  or  endorse  any  proprietary  product  or 
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EXAMINATION  OF  WATER  MOVEMENT  IN  MASSACHUSETTS  BAY 


Dennis  A.  Mayer 
ABSTRACT 

NOMES  (New  England  Offshore  Mining  and  Environmental 
Study)  was  conducted  by  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  and  the  State  of  Massachusetts  to 
determine  what  impact  offshore  mining  of  sand  and  gravel 
would  have  on  the  chemistry  and  biology  of  Massachusetts  Bay. 
Specifically,  the  physical  oceanography  part  of  the  study  was 
intended  to  predict  how  material,  in  this  case  the  dredge 
plume  fines  (d<100  m),  would  be  dispersed.  Water  movement  in 
Massachusetts  Bay  is  characterized  by  great  spatial  and 
temporal  variability.  During  the  month  that  current  meter 
and  drogue  measurements  were  taken,  the  major  feature  of  the 
variability  was  the  existence  of  a strong  north-south  current 
shear  zone.  The  mean  motions  near  shore  (~10  km)  were  pre- 
dominantly northward;  and  in  less  than  10  km  to  the  east,  the 
motions  were  mostly  southward.  A prediction,  therefore,  of 
how  material  would  be  dispersed  if  it  were  introduced  in  the 
water  column  would  depend  largely  on  where  and  when  it  was 
introduced.  In  addition,  a comparison  of  drogue  and  current 
meter  data  points  out  the  hazards  of  depending  exclusively 
on  either  Lagrangian  or  Eulerian  measurements  in  describing 
how  material  would  be  dispersed  in  Massachusetts  Bay. 

1.  INTRODUCTION 

NOMES  was  conducted  by  NOAA  and  the  State  of  Massachu- 
setts to  determine  what  impact  offshore  mining  of  sand  and 
gravel  would  have  on  the  chemistry  and  biology  of  Massachu- 
setts Bay.  Specifically,  the  physical  oceanography  part  of 
the  study  was  intended  to  predict  how  the  dredge  plume  fines 
(d<100  m)  would  be  dispersed.  A four-pronged  assault  was 
launched  on  the  problem  in  May  1973;  on  May  24th  and  25th, 
eight  current  meter  stations  with  a total  of  28  current 
meters  were  deployed  by  EG6G  and  the  Atlantic  Oceanographic 
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and  Meteorological  Laboratories  (AOML).  These  remained  in 
place  until  June  25th.  Of  the  28  current  meters  deployed,  21 
produced  full  record  lengths.  The  last  three  phases  began  on 
June  11th  when  four  drogues  were  launched  in  conjunction 
with  a water-tracing  study.  The  drogues  were  tracked  for  3 
days,  and  the  water-tracing  study  continued  for  7 additional 
days.  This  report  is  devoted  to  the  current  meter  and  drogue 
data. 

2.  DESCRIPTION  OF  THE  EXPERIMENT 

Eight  current  meter  stations  were  deployed  on  May  24th 
and  25th  for  1 month.  Of  the  28  current  meters,  10  were 
Aanderaa  and  18  were  photogeodynes  deployed  by  EG6G  (Magas, 
1973).  Current  meter  stations  are  shown  in  figure  1.  Table 
1 provides  the  necessary  mooring  data  such  as  sensor  depths 
for  each  of  the  stations.  No  data  were  recorded  from  station 
3.  All  current  meters  that  returned  useful  records  are  indi- 
cated in  table  1;  those  that  did  not  are  excluded.  Wind  data 
were  obtained  from  the  Boston  Lightship  located  near  station 
A. 

2.1  Eulerian  Measurements 

The  data  sets  were  divided  into  three  levels:  upper, 
middle,  and  lower  measurements;  1,  2,  and  3,  respectively. 
These  three  levels  are  indicated  in  table  2;  statistics  are 
also  given.  The  statistics  tabulated  include  monthly  mean 
velocity  components  (the  larger  ones  are  plotted  in  fig.  1) 
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mean  current  vectors 


Table  1. 

Current  Meter  Mooring  Data 


S ta . 

Type 

Number 

Station 

of 

of 

depth 

sensor 

meters 

(m) 

1 

Film 

Record- 

ing 

Geodyne 

2 

19.8 

2 

Film 

Record- 

3 

33.2 

ing 

Geodyne 

A 

Aanderaa 

1 

29.9 

3 

25.0 

B 

Aanderaa 

2 

49.4 

2 

47.8 

4 

Film 

Record- 

ing 

Geodyne 

3 

34.2 

5 

Film 

Record- 

ing 

Geodyne 

5 

71.4 

6 

Film 

Record- 

ing 

Geodyne 

3 

31.4 

Wind  Lightship 


Sensor 

Meter 

Coordinates 

depths 

number 

(m) 

6.1 

11 

42“21.6'N 

14.7 

12 

70“50, 3 'W 

4.9 

21 

42“24 .8  'N 

12.8 

22 

70.49.0'W 

25.9 

23 

4.9 

A1 

42“20.6'N 

8.5 

A2 

70“44.9'W 

14.9 

A3 

21.0 

A4 

10.1 

B1 

42*25. 2'N 

15.2 

B2 

70*43. 6*W 

18.0 

B3 

31.7 

B4 

4.6 

41 

42*17. I'N 

13.4 

42 

70*40. 2'W 

26.8 

43 

10.7 

51 

42*22. I'N 

19.2 

52 

70*38. 5'W 

25.3 

53 

32.3 

54 

50.6 

55 

5.5 

61 

42*13. 6'N 

14.0 

62 

70*36.9 'W 

24.1 

63 

Next  to 

station  A 
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A Record  too  long. 
* Record  too  short 


and  the  high-passed  variance,  low-passed  variance,  and 
squared  mean.  The  data  sets  were  partitioned  into  low  and 
high  frequency  bands . Forty  hours  was  selected  as  the  period 
separating  low  and  high  frequency  processes;  thus,  40-hr  hp 
data  contain  all  high  frequency  events  such  as  inertial  and 
tidal  frequencies,  and  40-hr  Ip  data  contain  all  events  with 
periods  greater  than  2 days  or  those  usually  associated  with 
synoptic  meteorological  events.  The  variances  computed  are 
the  sum  of  the  squares  of  the  variances  of  the  velocity 
components  for  each  time  series--40  hr  Ip  and  40-hr  hp.  In 
addition,  the  ratio  of  high-passed  variance  (HPV)  to  total 
variance  and  the  ratio  of  total  variance  to  the  squared  mean 
are  also  given.  The  latter  ratio  is  of  particular  interest 
in  analyzing  the  dispersion  of  materials. 

2.2  Lagrangian  Measurements 

Three  drogues  were  deployed,  beginning  at  1100  on  June 
11th  and  tracked  for  over  2 days.  The  drogues  were  developed 
by  the  R.  M.  Parsons  Laboratory  at  Massachusetts  Institute  of 
Technology  (MIT).  Only  the  7-  and  12-m  drogue  data  were  used 
for  comparison  with  the  current  meter  data  because  not  enough 
data  from  the  stations  at  the  lower  level  (3)  were  available. 
The  7-  and  12-m  drogues  correspond  to  levels  1 and  2,  re- 
spectively. 
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3.  MEAN  MOTIONS 

The  larger  mean  current  vectors  at  various  levels  for 
all  the  stations  are  shown  in  figure  1.  These  means  should 
be  interpreted  with  caution  as  they  reflect  an  average  of 
about  a month.  With  only  this  much  data  and  such  great 
variability,  these  means  are  probably  not  well  determined  and 
would  fluctuate  from  month  to  month.  To  show  how  variable 
the  motions  are,  we  can  look  at  the  ratio  of  the  total 
variance  to  the  mean  squared  (table  2).  This  quantity  varies 
from  about  3 to  200.  Data  from  station  1 show  almost  zero 
mean  with  a very  large  variance.  Station  5,  on  the  other 
hand,  shows  small  values  ranging  from  3 to  about  11.  This 
shows  that  a consistently  large  mean  flow  existed  for  the 
duration  of  the  experiment  for  station  5.  The  flow  at  all 
levels  for  station  5 is  consistently  to  the  southwest,  where- 
as most  other  means  appear  to  parallel  the  isobaths.  At 
every  other  station,  the  flow  seems  to  be  influenced  by  the 
boundaries.  An  interesting  feature  of  the  vertical  structure 
is  seen  in  the  record  for  the  near  bottom  meter  (A4)  at 
station  A.  Here  the  current  is  to  the  south,  whereas  the 
upper  three  sensors  at  station  A show  a mean  northerly  flow. 

3.1  Direction  Data 

Histograms  in  polar  form  summarize  the  direction  data  for 
the  40-hr  hp  time  series  for  all  three  levels  in  figures  2 to 
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UPPER  LEVEL 


Figure  2.  Current  roses  of  percent  population  for  upper  level  meters 


urrent  roses  of  percent  population  for  middle  level  meters. 
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4.  The  histograms  display  the  preferred  directions  of  the 
water  motion  as  the  frequency  distribution  of  currents, 
partitioned  into  10°  increments,  where  the  length  of  each 
line  represents  the  percentage  of  the  total  record  length 
occupying  that  direction  segment.  Frequency  distributions 

! change  significantly  with  depth.  Level  1 has  fairly  homo- 

I 

geneous  distributions  of  currents,  except  for  station  1. 
Levels  2 and  3 show  that  materials  would  be  transported  in  a 
' preferred  southwest  and  northeast  direction.  Of  course, 

: there  is  no  phase  information  contained  in  these  roses. 

This  means  that  material  introduced  into  the  water  column  at 
the  same  place,  but  at  different  times  in  the  tidal  cycle, 
could  be  transported  in  completely  opposite  directions;  and 
if  the  spatial  variation  of  currents  is  as  great  as  it  is  in 
Massachusetts  Bay,  then  a slug  of  material  could  move  in 
almost  any  direction,  depending  on  the  time  it  was  intro- 
duced into  the  water  column.  This  will  be  brought  up  again 
when  an  explanation  of  the  drogue  tracks  is  presented. 

3.2  Vector  Time  Series  of  40-Hr  Lp  Data 
The  low  frequency  content  of  the  data  is  best  displayed 
' as  a stick  diagram.  These  are  shown  in  figures  5 through  11 

for  all  stations,  and  the  time  interval  is  every  6 hr.  Here 
it  can  be  seen  that  stations  4,  5,  and  6 differ  distinctly 

I 

' from  the  other  stations  in  that  the  flow  is  predominantly 

; southward.  Also  the  low  frequency  motions  of  these  three 
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stations  appear  to  be  as  much  as  180®  out  of  phase  with 
stations  1,  2,  A,  and  B for  more  than  one-half  the  record 
length.  The  flow  at  the  21-m  sensor  at  station  A is  also 
southward.  It  is  apparent  that  there  is  a great  spatial 
variability  in  the  current  field,  with  scale  length  less  than 
10  km.  The  major  feature  of  this  variability  is  the  exist- 
ence of  a strong  north-south  current  shear  zone  where  strong 
northerly  currents  at  station  A change  to  strong  southerly 
currents  at  station  5.  This  feature  can  greatly  complicate 
any  comparison  between  Eulerian  and  Lagrangian  measurements, 
unless  the  Lagrangian  water- tracing  is  done  over  several 
tidal  cycles. 

3 . 3 Temperature  Time  Series 
The  only  temperature  data  obtained  were  from  the 
Aanderaa  meters  at  stations  A and  B.  Here  the  raw  tempera- 
ture data  (fig.  12  and  13)  show  decreasing  fluctuations 
with  depth  as  expected,  and  both  stations  also  show  a sig- 
nificant temperature  jump  at  all  levels  except  for  the  31.7-m 
sensor  at  station  B.  The  jump  begins  roughly  on  Julian  Day 
168  or  June  17,  1973.  The  increase  in  temperature  at  all 
levels  above  20  m is  roughly  5®C.  This  does  not  appear  to  be 
associated  with  any  meteorological  events  because  the  pro- 
gressive vector  diagram  in  figure  14  of  the  wind,  as  observed 
by  the  lightship,  shows  nothing  unusual  occurring  on  that 
date.  What  may  be  significant,  however,  is  that,  from  figures  5 
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JULIAN  DAYS  1973 


Figure  12.  Temperature  data  from  station  A. 


NORTH 


PROGRESSIVE  VECTOR  DIAGRAM 
OF 

BOSTON  LIGHTSHIP  WIND 


► EAST 

Figure  14.  Progressive  vector  diagram  of  Boston  Lightship  wind. 
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through  11,  stations  4 and  6 show  unusually  strong  southerly 
flow,  station  5 shows  strong  westerly  flow,  and  station  A has 
some  unusual  vertical  current  structure,  that  is,  southerly 
flow  at  the  surface  and  a variable  structure  below.  This  may 
indicate  the  transport  onshore  of  warmer  oceanic  water. 

3.4  Spectra  of  Current  Meter  Data 

Comparison  of  spectra  of  the  north  and  east  components 
of  velocity  for  mean  surface  and  bottom  meters  at  stations 
5 and  A is  shown  in  figures  15  through  18.  These  spectra  were 
chosen  because  station  5 with  its  low  ratios  of  total  vari- 
ance to  squared  mean  is,  except  for  station  B,  unlike  the 
other  data  sets.  Station  A,  however,  with  its  higher  values 
of  this  ratio  is  more  characteristic  of  the  stations  west  of 
stations  5 and  B,  at  least  in  its  energetics. 

Spectra  of  station  A data  are  characteristic  of  spectra 
at  stations  2,  4,  and  6.  This  means  that  the  low-passed 
variance  decreased  regularly  with  depth,  but  the  high 
frequency  variance  sometimes  increases  with  depth,  reflecting 
the  rather  vigorous  inertial  and  tidal  activity  nearer  the 
shore.  This  feature  can  be  seen  in  the  spectra  of  station  A 
in  figures  15  and  16  where  the  high  frequency  portion  of  the 
spectra  for  the  upper  and  lower  sensors  is  quite  close  in 
magnitude.  Station  5,  on  the  other  hand,  shows  that  both  low 
and  high  frequency  variance  decrease  fairly  uniformly  with 
depth.  This  can  be  seen  in  table  2 by  looking  at  the  ratio 
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of  HPV  to  the  total  variance  for  stations  A and  5.  These  j 

characteristics  of  station  5 data  are  not  clearly  duplicated  j 

by  any  of  the  other  stations.  However,  the  total  variance  ! 

decreases  with  depth  in  most  cases.  This  can  be  seen  by  the 
much  lower  energy  in  the  spectra  of  the  deeper  sensors  in 
figures  17  and  18.  Thus,  it  seems  that  any  material  introduced 
in  the  water  column  beyond  stations  5 and  B would  be  dispersed 

in  the  water  column  increasingly  by  the  lower  frequencies  . j 

i 

■•■han  would  be  the  case  nearer  the  shore.  j 

i 4.  DROGUE  TRACKS  ! 

I 

The  tracks  of  the  7-  and  12-m  drogues  are  shown  in  figure 

I 

19  and  20.  Each  point  on  the  track  is  an  observation  taken  ! 

i 

at  a specific  time.  The  observation  numbers  and  associated  I 

times  are  listed  in  table  3.  The  locations  of  all  current 

I 

meters  are  also  shown.  Following  figures  19  and  20  are 

sequences  of  current  vector  fields  for  each  drogue  observation.  i 

There  are  19  for  drogue  1 and  29  for  drogue  2.  Each  drogue 
position  and  associated  vector  field  show  the  actual  drogue 
position  at  the  observed  time  in  relation  to  all  the  other 
drogue  positions.  The  current  vector  fields  were  constructed 
from  3-hr  Ip  data  that  include  both  low  and  high  frequencies. 

By  looking  at  each  drogue  observation,  it  can  be  seen 
that  the  drogue  movement  is  not  inconsistent  with  the  current 
vectors;  in  fact,  it  is  quite  clear  that  the  12-m  drogue  in 
figures  20-1  through  20-29  is  in  phase  with  the  vector  at 
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Figure  19-1. 
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Figure  19-5 


Figure  19-6 
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Figure  19-18 


6 

X'OROGUE 

? 1° 


6 

t 

(•DROGUE 
0 90 


cm/$  I cm/t 


163(1600)  6-12-73 

A'— ^ 

! 

5 

X 1 

< 

A 

\*^OGUE 

1 

1 X- DROGUE 

? V 

cm/t 

1 

70*45' W 


Figure  20.  Twelve-m  drogue  track  from  1100,  June  11,  to  06^00, 
June  13;  20-1  through  20-29  are  current  vectors  at  the  time 
of  drogue  position  observation. 
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Figure  20-24. 


Figure  20-25. 


Figure  20-27. 
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station  A while  it  is  near  A.  As  the  drogue  advances  along 
the  track  from  20-1  through  20-14,  it  fluctuates  east  and 
then  west  and  then  east  again  in  phase  with  the  fixed-point 
(Eulerian)  measurements  at  A.  Ultimately,  both  drogues 
wound  up  much  farther  offshore  and  travelling  to  the  south. 
This  happened  because  of  the  spatial  inhomogeneity  of  the 
current  field  in  Massachusetts  Bay.  The  east-west  tidal 
motion  transported  the  drogues  far  enough  east  through  a 
sharp  shear  zone  into  a southerly  flowing  current  regime 
where  they  remained.  Conceivably,  this  could  have  occurred 
quite  differently.  If  the  drogues  had  been  deployed  at  a 
different  time,  they  probably  would  have  gone  much  farther 
north  before  turning  south. 
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OBSERVATIONS  OF  CURRENTS  AND  TEMPERATURES 
IN  THE  SOUTHEAST  FLORIDA  COASTAL  ZONE 
DURING  1971-72 


Dennis  A.  Mayer 
Donald  V.  Hansen 

The  long,  narrow,  and  shallow  (less  than  20  m)  shelf 
region  of  Southeast  Florida  is  distinctly  different 
from  the  deeper  offshore  water  where  the  dominant 
motions  are  those  of  the  Florida  Current.  The 
shallow  water  is  primarily  wind  driven,  but  also 
subject  to  tidal  motions  near  tidal  inlets.  A 
basic  problem  in  determining  South  Florida  coastal 
processes  is  that  the  major  dynamics  and,  hence, 
the  major  exchange  mechanisms  contain  so  much 
energy  at  low  frequency  that  at  least  4 months 
of  data  are  required  for  computation  of  reliable 
statistics . 

In  long  current  measurement  records,  the  net 
northward  motion  is  nearly  zero.  In  the  winter, 
the  temperature  of  coastal  water  is  less^than  the 
temperature  of  offshore  water  by  about  %°C/km.  This 
positive  east-west  gradient  of  temperature  is  caused 
by  the  frequently  occurring  cold  fronts  which  pass 
over  South  Florida  regularly  in  the  winter. 

The  momentum  flux  that  had  the  most  spatial 
variation  and,  hence,  whose  divergence  was  also  the 
largest,  was  the  low  frequency  covariance  between 
the  north  and  east  components  of  current  where 
its  sign  actually  changed  from  -26  to  20  cm^/sec^ 
over  a distance  of  only  2 km.  The  resulting  diverg- 
ence, or  Reynolds  stress,  was  of  order  lO”"*)  cm/sec^. 


1 . INTRODUCTION 

A description  of  Southeast  Florida  coastal  processes, 
particularly  the  fluxes  of  material  and  momentum,  depends 
on  understanding  the  role  that  three  major  forcing  mechanisms 
play  in  driving  coastal  waters.  These  have  been  identified 
as  tidal  inlet  effects,  proximity  of  the  Florida  Current, 
and  wind  effects.  Together  they  combine  to  produce  comolex 
shelf  water  motions,  especially  near  inlets. 

Understanding  exchange  processes  of  shallow  coastal 
waters  is  aided  by  identifying  the  more  important  fluxes 
and  the  frequency  bands  wherein  most  of  their  energy  lies. 
This  establishes  terms  in  the  material  budget  equations 
and  the  dynamical  equations  needed  to  describe  the  coastal 
processes . 
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The  fluxes  of  heat  and  momentum  computed  using  temper- 
ature and  velocity  measurements  as  observed  in  the  coastal 
waters  off  southeast  Florida  during  1971  and  1972  are  described 
in  this  report. 


2 . MEASUREMENT  PROGRAM 

Locations  of  current  meter  and  wind  sensor  installations 
are  shown  on  the  chart  in  figure  1.  Coordinates,  depths, 
and  all  relevant  data  associated  with  each  sensor  are  outlined 
in  table  1.  The  measurement  program  consisted  of  two  phases. 

During  Phase  I,  an  attempt  was  made  to  evaluate  the 
performance  of  different  sensors  and  different  types  of 
mooring  for  sampling  currents  in  the  surface-wave-influenced 
open  coastal  zone  and  to  obtain  some  useful  data  at  stations 
0(1)  and  A(l) . 

Phase  II  was  designed  to  provide  more  detailed  measure- 
ments of  coastal  processes  at  stations  VI,  V2,  and  V3 . 

All  stations,  except  for  0(1),  were  taut-wire  moorings 
using  the  Aanderaa  Model  4 Meter.  Ftation  0(1)  v.’as  a tripod 
supporting  two  ODESSA  sensors  (Goodheart , I960). 

Originally  designed  for  relatively  calm  estuaries, 

ODESSA  sensors  have  two  features  which  detract  from  their 
utility  for  open  coastal  current  measurements.  Unless 
they  are  mounted  on  tripods  to  remove  mooring  motion,  the 
small  direction  vane,  in  combination  with  low  data 
sample  rate,  produces  such  noisy  data  as  to  be  almost 
useless.  In  addition,  they  do  not  record  internally  but 
rather  transmit  data  through  an  electromechanical  cable 
(another  problem  source)  to  a surface  buoy  that  houses  a 
battery  pack  and  data  tapes.  This,  along  with  their 
weight  and  bulk,  requires  a costly  investment  in  time  and 
effort  for  the  amount  of  useful  data  obtained. 

ODESSA  sensors  were  deployed  at  station  0(1)  in 
February  1971  as  a part  of  the  comparison  of  'ensors;  two 
Aanderaa  meters  on  a taut  wire  were  install'-.’  at  A(l) 
in  April  1971.  Each  station  produced  less  than  2 weeks 
of  useful  data.  Station  0(1)  had  severe  fouling  problems 
after  about  10  days,  and  the  meters  on  A(l)  were  needed 
for  another  project.  The  fouling  problems  turned  out  to 
be  much  more  severe  than  anticipated.  In  the  shallow  water 
(less  than  20  m)  off  Southeast  Florida,  the  current  meters 
must  be  cleaned  once  a week  unless  protective  coatings 
are  applied.  In  Phase  II,  by  far,  the  most  extensive  data 
were  collected. 

In  Phase  II,  Aanderaa  meters  were  used  exclusively, 
and  the  problem  of  fouling  was  eliminated  by  frequent  cleaning. 
Data  were  collected  for  11.8  weeks  (82.3  days)  at  VI, 
for  6.8  weeks  (47.9  days)  at  V2,  and  2.7  weeks  (19.0  days) 
at  V3 . With  the  better  quality  data  obtained  in  Phase  II, 
it  was  possible  to  calculate  fluxes  of  heat  and  momentum 
and  spectra  of  the  more  important  parameters.  In  addition, 
vector  time  series  of  winds  and  currents  show  qualitatively 
the  importance  of  wind  as  a forcing  mechanism  for  shallow  water. 
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Table  1. 


Sensor  Data 


Station 

Type 

of 

sensor 

Mooring 

No . of 
sensors 

Depth 

(m) 

Sensor 

depth 

(m) 

Coordinates 

1971 

0(1) 

ODESSA 

(TICUS) 

Tripod 

2 

5.5 

1.7 

and 

4.1 

25°44'54"N 

80°07'30"W 

A(l) 

Aanderaa 
Model  4 

Taut 

wire 

2 

8.2 

2.7 

and 

4.9 

25°44'45"N 

80°06'34"W 

1972 

VI 

Aanderaa 
Model  4 

Taut 

wire 

1 

6.1 

3.7 

25°43'43"N 

80°07'06"W 

V2 

Aanderaa 
Model  4 

Taut 

wire 

1 

11.0 

6.1 

25°43'43"N 

80°05'44"W 

V3 

Aanderaa 
Model  4 

Taut 

wire 

1 

38.1 

12.2 

25°43'50"N 

80°05'05"W 

Wind 

Weather 

Service 

F420C 

1 

25°46'  N 

80°08'  W 
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3. 


DATA  REDUCTION 


Specifications  of  the  digital  filters  used  in  analyzing 
the  various  time  series  are  summarized  in  table  2a.  All 
pertinent  information  for  the  raw  time  series  and  the  various 
filtered  series,  such  as  start  time,  record  length,  and 
sample  interval,  is  contained  in  table  2b. 

Before  computations  were  performed  on  any  of  the  time 
series,  all  raw  data  were  filtered  and  resampled  at  1-hr 
intervals.  For  the  6-min  sample  rate  at  0(1),  and  the  10-min 
sample  rate  at  all  Aanderaa  stations,  a 3-hr  low  pass  was 
applied.  The  resultant  series  of  hourly  values  were  then 
used  in  the  computations  of  40-hr  low-  and  high-passed  time 
series . 

For  the  more  extensive  data  set  of  Phase  II,  statistics 
of  the  3-hr  and  40-hr  low-passed  data  from  stations  VI,  V2, 
and  V3  for  current  components  and  temperature  are  given  in 
table  2c  together  with  their  70- percent  confidence  limits. 
These  are  fluctuation  bounds  within  which  an  observation 
would  be  found  70  percent  of  the  time  for  that  particular 
data  set. 


4 . RESULTS 
4.1  Water  Movements 

The  statistics  of  the  time  series  in- table  2c  indicate 
that  at  all  stations  there  is  a net  mean  westward  (shoreward) 
current  component  that  diminishes  eastward.  The  northward 
mean  flow  component  has  a somewhat  peculiar  structure,  being 
northward  at  V3  and  VI,  as  expected  if  coupling  to  the  northward- 
flowing Florida  Current  is  important,  but  surprisingly  south- 
ward at  V2 . For  the  same  tim.e  period  as  V2 , VI  also  shows 
a mean  southward  flow.  The  most  probable  explanation  of 
this  result  is  that  it  is  due  to  undersampling  of  the  low- 
frequency-dominated  currents,  even  in  a 6-week  sampling  periotl. 

Except  in  the  proximity  of  tidal  inlets,  the  coastal 
waters  of  Southeast  Florida  are  driven  primarily  by  the  wind 
and  the  Florida  Current.  In  addition,  the  coastal  processes 
can  be  partitioned  into  high  and  low  frequency  bands.  High 
frequency  is  defined  as  all  events  having  periods  of  less 
than  40  hr,  and  conversely  for  low  frequency. 

Histograms,  in  polar  form,  of  the  Phase  II  data  were 
constructed  for  the  3-  and  40-hr  low-passed  data  and  for 
the  40-hr  high-passed  data  in  figures  2a,  2b,  and  2c.  These 
show  the  frequency  distribution  of  currents  partitioned  into 
10*^  increments,  where  the  length  of  each  is  proportional 
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Table  2a 


r 


Specifications 

of  Digital 

Filters 

Decibels 

3-hr  5-hr 

low  pass  low  pass 

20~hr 
low  pass 

40 -hr 
low  pass 

40-hr 
high  pass 

(6  db) 

2.5 

2.9 

5 

16.7 

37 

37 

Hours 
(20  db) 

2 

2 

4 

14 

30 

48 

Filter 

length 

(#of 

points) 

53 

79 

15 

79 

127 

127 

Sample 
interval 
At  (rain) 

10 

6 

60 

60 

60 

60 
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Table  2b. 


Relevant  Data  for  Time  Series 


Station 

Type  of 
filter 

Start 

Julian  Day 
(hr) 

Eastern 
Std.  Time 

Sample 

interval 

(At) 

Number 

of 

points 

Recorc 

lengtl 

(hr) 

Phase  I 1971 

0(1) 

Raw  data 

37 

(13.6) 

6 min 

2617 

261.6 

3-hr  LP 

58 

( 0.0) 

1 hr 

248 

247 

20 -hr  LP 

60 

( 0.0) 

6 hr 

27 

156 

A(l) 

Raw  data 

110 

(16.67) 

10  min 

1955 

325.7 

3-hr  LP 

110 

(21.0) 

1 hr 

318 

317 

20 -hr  LP 

113 

( 0.0) 

6 hr 

38 

222 

WinJ 

5 -hr  LP 

58 

(0.0) 

1 hr 

248 

247 

20-hr  LP 

60 

( 0.0) 

6 hr 

27 

156 

20-hr  LP 

113 

(0.0) 

6 hr 

38 

222 

Phase  II 

Trn 

VI 

Raw  data 

48 

( 9.83) 

10  min 

11855 

1975.7 

3-hr  LP 

49 

( 0.0  ) 

1 hr 

1958 

1957 

40-hr  LP 

52 

( 0.0  ) 

1 hr 

1823 

1822 

and 

HP 

V2 

Raw  data 

47 

(13.83) 

10  min 

6904 

1150.7 

3-hr  LP 

49 

( 0.0  ) 

1 hr 

1111 

1110 

40-hr  LP  and 

52 

( 0.0  ) 

1 hr 

976 

975 

HP 

V3 

Raw  data 

95 

(13.83) 

10  min 

2729 

454  -8 

3-hr  LP 

96 

( 0.0  ) 

1 hr 

441 

440 

40-hr  LP  and 

99 

( 0.0  ) 

1 hr 

306 

305 

HP 

Wind 

5 -hr  LP 

49 

( 0.0  ) 

1 hr 

1958 

1957 

40-hr  LP 

52 

( 0.0  ) 

1 hr 

1823 

1822 
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Table  2c. 


I 

Statistics  of  Time  Series 


Filter 

Station 

Parameter 

Mean  and 

0 

Number 

70% 

Standard 

of 

confidence 

limits  deviation 

points 

cm/sec  and 

°C 

VI 

Vl 

2.73±.43 

19.09 

u- 

-2.10±.29 

12.69 

1958 

tl 

24.35±.03 

1.42 

w 

CO 

First 

Vl 

tl 

-0.41±.60 

20.41 

CO 

o. 

1111 

-2.25±.40 

13.43 

1111 

:3 

O 

hr  of 
VI 

23.54±.03 

1.01 

Vn 

-1.60±.52 

17.46 

u 

V2 

U2 

-1.80±.29 

9.80 

nil 

t n 

23.76±.02 

0.64 

ro 

2 

u. 

43.80^1.4 

29.69 

V3 

-1.18±.23 

4.73 

441 

t -3 

24.61±.02 

0.51 

ti 

3.27  i. 37 

15.64 

VI 

-2.23i.08 

3.33 

1823 

CO 

CO 

24.34±.57 

1.37 

CO 

a 

Vp 

-0.063  ±.46 

14.22 

S 

Q 

V2 

U2 

-1.87  ±.12 

3.77 

976 

1-^ 

^2 

23.79  ±.01 

0.60 

x: 

^^3 

35.86  ±1.4 

25.07 

o 

V3 

0 

u, 

-0.83  ±.09 

1.60 

306 

o 

^3 

24.50  ±.03 

0.44 

A 


PERCENT  POPULATION 


V2  3hr.  LP 


MEAN  SPEED  cm/sec. 


PERCENT  POPULATION 


V2  40hr.  LP 


10  cm/sec. 


V2  40hr  LP 


10% 


MEAN  SPEED  cm/sec. 


V2  40hr  HP  jlOcm/sec.  V2  40hr.  HP  | 5% 


PERCENT  POPULATION 


Figure  2b.  6-  and  40-hv  lou-paseed  and  40-hr  high-pasaed  data 

at  station  V2. 
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to  the  mean  speed  (X^^)  . In  addition,  the  percent  population 
(X^p)  is  plotted  for  each  increment.  X^p  is  the  population 
of  each  increment  divided  by  the  total  population,  or  the 
fraction  of  record  length  that  the  current  directions  were 
within  each  of  the  increments  at  the  mean  speed  Xj^. 

The  current-rose  (histogram)  plots  of  the  low  and 
high  frequency  processes  for  VI  and  V2  show  quite  different 
behavior.  The  3-hr  low-passed  data  combine  both  low  and 
high  frequency  processes . This  combination  masks  the 
features  of  the  motions  in  each  band.  By  plotting  separately 
the  40-hr  low-  and  high-passed  data,  however,  different  features 
of  the  water  motions  can  be  seen  in  each  band. 

Most  of  the  high  frequency  activity  at  VI  is  in  the 
east-west  direction,  since  this  station  was  situated  near 
an  inlet.  A more  evenly  distributed  set  of  directions  is 
found  at  V2,  since  it  is  about  a mile  farther  offshore  and 
more  removed  from  the  inlet  effects.  At  V3,  however, 
mostly  north-south  fluctuations  were  observed.  Low  frequency 
behavior,  on  the  other  hand,  shows  mostly  north-south  variations 
for  all  three  stations. 

The  net  movement  past  a fixed  site  is  conveniently  shown  by 
means  of  a Progressive  Vector  Diagram  (PVD) , see  figures  3a,  3b, 
and  3c.  The  importance  of  the  wind  as  a driving  mechanism  is 
shown  in  these  PVD's.  The  close  relationship  of  currents 
to  winds  at  station  0(1)  is  even  more  clearly  shown  by  a 
vector  time  series  of  currents  and  winds  (fig.  4).  The 
rapid  response  of  the  shallow  water  to  a classical  weather 
frontal  system  resulting  in  an  abrupt  reversal  of  the 
water  movement  is  clearly  shown.  Such  a reversal  occurs 
between  days  63  and  65,  and,  within  the  resolution  of  the 
data,  there  appears  to  be  no  phase  lag  between  the  wind  and 
the  currents.  The  20-hr  low  pass  filter  removes  the  energetic 
inlet  effects  from  the  PVD  (see  fig.  3c).  Wind  fluctua- 
tions in  figure  3b  contain  mostly  low  frequencies;  thus,  one 
would  naturally  expect  only  low  frequency  wind-induced  water 
motions . 

During  the  period  of  observations  for  A(l) , the  wind 
record  contained  mostly  daily  variations  with  no  significant 
frontal  activity  (fig.  5).  Again  a 20-hr  low  pass  filter 
was  used  for  all  three  vector  diagrams  to  exclude  semi-daily 
variations  and  to  present  more  clearly  any  diurnal  fluctua- 
tions induced  by  the  wind.  The  wind  has  a good  deal  of  daily 
variation  which  is  typical  in  Southeast  Florida  in  April, 
yet  the  currents  do  not  consistently  respond  to  the  daily 
wind  fluctuations.  There  appears  to  be  a mean  northerly 
wind  drift  with  small  reversals  occurring  on  days  117, 

120,  and  121.  These  could  be  caused  by  a Florida  Current 
event . 


4.1.1  Current  Shear  of  Stations  0(1)  and  A (1) 

Not  enough  data  were  collected  at  these  stations  to 
establish  a clear  and  consistent  velocity  profile.  However, 
reasonable  velocity  shears  and  ratios  (speed  of  upper  meter 
divided  by  speed  of  lower  meter) 
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were  computed  from  the  data.  The  gradients  apply  to  those 
Chat  would  be  found  approximately  at  mid-depth  and  varied 
between  (10)”^  and  5(10)'^  (sec~^)  for  0(1).  For  A(l) , the 
gradient  was  (10)"^  (sec”^).  Velocity  ratios  fluctuated 
between  1.9  and  2.8  for  0(1).  For  A(l) , the  ratio  was  1.2. 

These  computations  were  based  on  four  time  intervals  for 
0(1)  and  one  for  A(l)  where  the  set  of  the  current  was 
reasonably  constant. 

The  degree  of  vertical  variability  was  investigated 
by  computing  correlation  coefficients  which  are  the  normalized 
covariances  between  the  velocity  components  of  the  upper 
and  lower  sensors.  These  coefficients  were  very  close  to 
0.90  for  each  of  the  components  at  A(l)  and  0(1).  This 
implies,  therefore,  that  a single  point  measurement,  near 
mid-depth,  is  representative  of  motions  throughout  the 
water  column. 

4.1.2  Low  Frequency  Motions  at  Stations  VI,  V2 , and  V3 

Figures  6a  and  6b  contain  PVD's  assembled  from  the  40-hr 
low-passed  data  for  VI,  V2,  and  V3  and  the  Miami  Beach  wind. 
These  display  the  motions  of  the  low  frequency  or  slowly  varying 
coastal  processes.  The  most  notable  aspect  of  the  long  period 
processes  represented  by  the  PVD's  in  figure  6 is  that  the 
shallow  shelf  water  monitored  by  VI  and  V2  appears  to  be 
quite  sensitive  to  low  frequency  wind  forcing.  This 
is  indicated  as  well  in  the  40-hr  lor--passed  vector  time 
series  plots  and  plots  of  the  north  components  of  wind  and 
currents  in  figures  7a  and  7b. 

The  major  low  frequency  features  can  be  seen  in  figure  6. 
From  days  52  to  92,  the  coastal  water  movements  were  parallel 
to  the  coast  and  oscillated  with  a period  of  about  20  days 
with  little  net  movement.  This  corresponds  quite  closely  to 
the  v.ariation  of  the  wind.  From  days  92  to  115,  the  wind 
was  directed  much  more  to  the  north,  and  the  current  at  VI 
showed  similar  behavior. 

The  shorter  time  scale  features  (several  days)  reflect 
both  wind  and  Florida  Current  mechanisms.  In  figures  6 and 
7,  one  can  see  that  wind  events  were  centered  about  the  fol- 
lowing days:  66,  69,  80,  92,  and  100.  On  these  days,  the 
coastal  waters  reversed  approximately  in  phase  with  the  wind 
direction.  Mixed  processes  occurred  over  the  time  spans, 
days  52  to  54,  100  to  102,  and  115  to  118.  Here,  except  for 
day  100,  the  phase  between  wind  and  currents  is  not  clear. 

In  each  case,  the  change  in  current  direction  leads  the  wind. 

It  is  also  notable  that  direction  changes  at  VI  lead  those 
at  V2,  and  east-west  displacement  is  smaller  at  VI  than  at 
V2 . Because  V3  is  located  near  the  shelf  break,  it  is  more 
strongly  influenced  by  mrdulations  of  the  western  edge  of  the 
Florida  Current  which  probably  dominates  wind-induced  varia- 
bility at  that  location.  The  mean  direction  at  V3  is  north- 
ward with  occasional  excursions  southward,  as  is  clearly 
shown  in  the  histograms  of  currents  at  V3  (fig.  2)  where  almost 
80  percent  of  the  observations  for  V3  show  current  moving  north 
and  about  5 percent  show  currents  moving  south.  Two  of  these 
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i-'lguve  6a.  40-hi'  Lou-paosed  PVD's  of  stations  VI,  VI, 

and  Ko. 
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Figure  6b.  40-hr  low-passed  PVD  of  the  Miami  Beach,  Fla.,  wind. 


southward  flow  events  were  recorded  at  V3  while  the  meter 
was  operating  (see  fig.  6 and  7).  These  southward  flov; 
events  resemble  Florida  Current  spinoff  eddies  as  observed 
by  Lee  (1973) . Florida  Current  processes  are  clearly  shown 
when  the  wind  is  not  changing  direction.  This  occurs  around  days 
57,  60,  and  106.  On  day  101,  the  Florida  Current  was  appar- 
ently reinforcing  the  southward  movement  of  the  shelf  water 
induced  by  the  wind.  On  day  106,  a small  reversal  occurred 
at  V3,  and  the  coastal  waters  responded  accordingly.  On  days 
57  and  60,  although  there  are  no  data  from  V'3 , the  Florida 
Current  must  have  varied, as  the  wind  did  not  change  direction 
on  these  days . 


4.2  Temperature  Variations 

Distinctive  temperatvire  variations  are  associated  with 
the  long  period  motions.  Time  series  plots  in  figure  7 
of  40-hr  low- passed  data  show  the  north  components  of  wind, 
currents,  and  temperatures  (tj,  , t,)  at  each  station. 

The  temperature  of  the  coastal  water  at  this  time  of  year 
is  generally  lower  than  near-surface  tem.peratures  in  the 
Florida  Current,  hence  temperature  gradients  are  positive  to 
the  east,  that  is,  dt/dx>  0.  This  was  the  case  during  the 
time  period  when  stations  VI  and  V2  were  sampled,  except 
for  two  events  that  produced  negative  gradients.  These  negative 
gradients  are  noted  in  figure  7. 

At  VI,  there  are  five  temperature  drops  associated  with 
weather  frontal  activity  and  accom.panying  flow  reversals 
or  generally  southerly  flow.  The  first  temperature  minimum, 
occurs  on  about  day  54.  The  next  temperature  events  cover 
days  66  to  68,  92  to  95,  100  to  102,  and  115  to  121,  all 
time  spans  of  from  2 to  7 days  over  which  the  temperature 
dropped  from  1°  to  5 C. 

Temperature  at  V2  does  not  seem  to  fluctuate  as  strongly 
as  at  VI,  but  it  does  rise  abruptly  on  day  59,  probably 
because  of  a Florida  Current  event  bringing  warm  water  onshore. 
Just  before  the  first  two  of  the  above  five  temperature  events, 
tj  > t 2 or  dt/dx  <0  (see  fig.  7).  Very  few  data  were  collected 
at  station  V3,  but  there  are  two  Florida  Current  events  (or 
perhaps  Florida  Current  spinoff  eddies)  noted.  On  day  101,  there 
was  a temperature  minimum  for  t?  associated  with  the  maxim, urn 
southerly  flow.  This  increased  to  a maximum  on  approximately 
day  105  at  the  same  time  that  the  flow  was  a m.aximum.  to  the  north. 
Similarly,  for  the  next  reversal  of  V3,  beginning  on  day  106 
there  was  a temperature  minimum,  but  it  lagged  the  flow 
reversa.1  by  about  a day.  The  northerly  flow,  however,  was 
again  £?ccompanied  by  an  increase  in  temperature.  The  temper- 
ature at  station  V3  is  not  directly  comparable  to  that  at 
VI  and  V2  because  the  sensor  depth  is  significantly  greater 
than  sensors  at  VI  and  V2 , and  vertical  temperature  gradients 
can  be  strong  in  this  region. 
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4.3  Spectra  of  Time  Series 

Spectra  of  current  components  and  temperature  and  the 
spectra  for  wind  are  plotted  in  figure  8.  Here  can  be  seen 
the  rationale  for  the  partition  between  low  and  high  fre- 
quency processes  at  40  hr  or  0.6  c/day.  The  strong  semidiurnal 
signal  (inlet  effects)  for  the  east  components  of  current 
is  clearly  seen  as  well  as  the  fairly  distinct  diurnal 
signal  for  the  temperature  (diurnal  heating)  and  wind  (sea 
breeze) . The  broad  band  of  energy  in  the  low  frequency 
range  for  the  north  components  or  current  and  wind  is  also 
evident . 


4.4  Fluxes  of  Heat  and  Momentum 

The  data  from  Phase  II  have  been  used  to  evaluate  the 
fluxes  of  heat  and  momentum.  Here  heat  is  used  as  an  example. 
It  is  convenient  to  represent  the  time  series  in  terms  of  three 
important  time  scales  as 


W = <W>  + W + W , 
where  W = (u,v)  tor  velocity,  and 

t=<t>+t+t' 


for  temperature. 

The  symbol  <>  is  a time  average  over  the  record  length; 
thus  <w>  is  the  mean_for  the  record  length  The  over- 

barred terms,  W and  t,  are  40-hr  low-passed  data  minus  the 
mean  and  represent  the  slowly  varying  or  low  frequency  processes. 
Terms  like  W and  t'  are  40-hr  high-passed  data  and  represent 
the  rapidly  varying  or  high  frequency  processes.  Heat  flux 
over  the  record  length  is  expressed  as 

<Wt^  = <V/><t>  + <Wt>  + <W't'>  , (la) 

and  the  momentum  flux  over  the  record  length  is  expressed  as 

<W  W>  = <T.j><V7>  + <WW>+  W'W.  (lb) 

The  terms  <WW>  are  usually  called  Reynolds  stresses.  The 
units  of  the  heat  flux  terms  in  equation  (la)  are  heat  flow 
per  unit  area.  Its  divergence  is  proportional  to  the  sum  of 
heat  storage  rate  per  unit  volume  and  vertical  flux. 

Similarly,  the  terms  in  equation  (lb)  are  proportional  to 
the  transport  of  momentum.  Statistics  of  the  time  series 
and  flux  series  are  tabulated  in  tables  2 and  3 with  the 
fluctuation  bounds  around  the  means  that  correspond  to  approxi- 
mately 70-percent  confidence  limits^.  _ 

The  cross-terms  involving  < W t>  and  < W t ’>  are  convention- 
ally regarded  as  contributing  only  an  insignificant  amount  to 
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Table  3. 


Statistics  of  Heat 

and  Momentum 

Flux  Time 

Series 

Parameter 

Length  of 
series 

Mean  and  707. 
confidence  limits 

Standard 

deviat ion 

976 

-1.04 

t 

0.57 

17.92 

Ul  ti 

976 

0 89 

t 

0 17 

5.26 

Vjtj 

976 

-2  .46 

t 

0.  33 

10.37 

976 

0.91 

0.  12 

3 .80 

Vl  ti 

1823 

2 .95 

! 

0.54 

23  .06 

“1  tl 

1823 

0.  75 

1 

0.14 

5 .75 

V,'  ti' 

976 

-0.25 

- 

0.12 

3 .68 

u,'ti' 

976 

-1.01 

t 

0.14 

4 .45 

v^t^ 

976 

- .21 

1 

0.07 

2 .26 

U2C2 

976 

0.  12 

! 

0.  07 

2 .04 

v;t; 

1823 

-0  18 

• 

0.07 

3 .11 

u|t; 

1823 

-0. 61 

0.  09 

3 .72 

ViVj 

976 

299.43 

• 

15.60 

487  .33 

976 

-26.15 

• 

2.00 

62  .51 

976 

11.69 

• 

0.62 

ly  .27 

VjVj 

976 

202.26 

• 

11.97 

3 73  .83 

VjUj 

976 

19.61 

2.53 

79  .11 

UjU2 

976 

14.18 

0.98 

30  .75 

VlVi 

1823 

244.56 

1 

9.50 

405  .55 

v,5j 

1823 

-26.16 

* 

1.29 

55  .18 

SjU, 

1823 

11.11 

• 

0 44 

18  .84 

v;v; 

976 

106.49 

6.25 

195.12 

vju; 

976 

14.74 

♦ 

5.27 

164.62 

uju; 

976 

172.85 

♦ 

8.19 

255.72 

VjVj 

976 

84.14 

♦ 

6.10 

190.42 

976 

15.52 

♦ 

3.87 

120.89 

u-u- 

976 

80.01 

♦ 

4.37 

136.66 

vjv; 

1823 

97.34 

♦ 

4.28 

182.82 

v|u; 

1823 

9.42 

* 

3.45 

147.34 

u.'u; 

1823 

149.07 

4 

5.36 

229.00 
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flux  balances  because  of  low  correlation,  and  on  this  basis 
were  neglected.  Their  evaluation  is  also  possible  for  these 
data,  and  indeed  they  are  found  to  be  small^.^however , their 
large  variances  produce  confidence  limits  troublesomely 
large  compared  to  the  mean  fluxes  of  the  high  frequency 

terms  < W t ' ^ . ] 

For  components  of  the  flux  divergences,  it  was  possible 
to  compute  only  east-west  derivatives,  since  the  current 
meters  were  oriented  in  an  east-west  direction. 

The  east-west  divergence  component  is 

iZ.  + P ill  = i V . (Ph)  , 

3X  h 3X  h ^ 


where  P is  the  flux  density  and  h is  the  depth.  For  these 
calculations,  the  above  derivatives  can  be  approximated  by 


P2-P1  ^ P2  + Pi 

AX  2 


(3  x 10"^  ) . 


The  following  divergences  of  heat  and  momentum  have  been 
computed 

V • ; (u-Uj^)  (t-t^)>  h , <(v-Vjj^)  (u-u^)>  h, 

"(u-u^)  hj. 

where 


< (u-u^) (t-t^)>  = <u  t>  + <u't’> 


<(v-v„,)  (u-u  )>=  <v  u>  +<v'u'> 

' m'^  ' m' 

< (u-u„) (u-u„) > = <u  u>  +<u'u’>  . 

' m'  m' 

A schematic  of  the  more  important  flux  terms  that  result 
in  the  most  significant  divergences  is  given  in  figure  9. 


4.A.1  Heat  Fluxes 

During  the  months  of  November  through  April,  measurable 
temperature  gradients  exist  between  the  Florida  Current  and 
the  coastal  waters,  making  temperature  an  indicator  for  inshore 
water  and  heat  flux  a potential  measure  of  coastal  exchange 
rates.  Heat  flux  spectra  are  shown  in  figure  10. 

In  general,  slowly  varying  processes  transport 
heat  offshore,  and  the  high  frequency  processes  transport 
heat  shoreward.  Integrated  values  for  the  long  period 
processes  are 

<uiti>  = 0.39  i 0.17  (°C  cm/sec) 


and 


/ 
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.9 
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term. 


<v,u,> 
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Resultant  Divergence  due 
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HIGH  FREQUENCY  (Excluding  tidal  inlet  effects.) 
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DIV. 

FLUX 

' a' 

<Uj  t^> 

<u;t;> 

♦ 

.1 

(-2.0  ±1.0)  10’’ 

.0 

<v;  u;  > 
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4 

< u'l  u;  > 

(1.9±.5)10‘“ 

< U^  U(  > 

7 

7 

Resultant  Divergence  due 
mostly  to  depth  gradient 
term.  * 


Figure  . Sahematie  of  the  more  important  flux  a>iU 
divergence  terms. 
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<U£t2>  = 0.91  ± 0.12  (°C  cm/sec), 

yielding  a divergence  of 

^ (<u  E>  ) v(0.01  ± 0.15)  (10)"®  (°C/sec) 

3x 

and 

<u  t>  ^ 111  =(0.27  ± 0.04)  (10)"^  (°C/sec), 

h 3x 


with  the  total  being 

i V^.(<E  t>  h)v  (0.28  ± 0.18)  (10)‘5  (°C/sec).  (2) 


High  frequency  heat  transports  show  that 

<ultl>  = -1.01  1 0.14  (°C  cm/sec) 


and 

<U2t2>  = 0 

.12  i 0.07  (°C 

cm/sec) 

yielding 

a divergence  of 

and 

3 ( <u't'>  )^ 

3x 

(0.56  * 0.11) 

(10)'' 

(°C/SGC) 

<u't’>  ^ ^ 

h 3x  V 

(-0.14  • G.03) 

(10)'' 

(°C/sec) 

with  the 

total  being 

i v^-(  <u't'>  h)  (0.42  ‘ 0.14)  (10)'=  (°C/sec)  (3) 

This  divergence  (3)  was  calculated  without  removing  the  tidal 
currents.  This  is  especially  significant  near  tidal  inlets, 
and,  of  course,  stations  VI  and  V2  are  directly  east  of  the 
Bear  Cut  inlet.  An  estimate  of  the  importance  of  flux 
terms  for  areas  where  there  are  no  inlets,  the  more  typical 
coastal  area,  can  be  obtained  by  applying  a 20-hr  Low  pass 
filter  to  the  40-hr  high-passed  series  and  then  forming  the 
fluxes  and  calculating  the  statistics  of  these  product  series. 
This  has  been  done  for  the  momentum  fluxes  as  well,  and  the 
results  are  tabulated  in  table  4.  This  bandpassing  admit, s 
processes  whose  periods  lie  between  20  and  30  hr,  thereby 
excluding  the  major  semidiurnal  tidal  effects. 

Recalculating  equation  (3)  from  the  statistics  in  table  4, 
the  high  frequency  transports  are 
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Table  4. 


Fluxes  with 
Removed  Before 

Semi-Daily  Fluctuations 
Forming  Product  Series 

Parameter 

Length  of 
series 

Mean  and  707„ 
confidence  limits 

a 

v.t, 

889 

0.02 

± 0.03 

1.01 

889 

0.08 

± 0.01 

0.35 

V2t2 

889 

-0.06 

± 0.02 

0.61 

^2^2 

889 

0.01 

± 0.01 

0.29 

V t 
1 1 

1736 

-0.06 

± 0.02 

0.99 

1736 

0.05 

± 0.01 

0.46 

889 

37.75 

i 2.32 

69.31 

ViU^ 

889 

-5.88 

± 0.66 

19.59 

u ^ u , 

889 

7.30 

‘ 0.33 

9.95 

V2V2 

889 

24.39 

± 1.91 

56.91 

V2U2 

889 

4.25 

i 0.73 

21.66 

U2U2 

889 

6.86 

1 0.42 

12.64 

1736 

36.95 

±1.64 

68.34 

VlUj 

1736 

-7.82 

± 0.65 

27.13 

UlUi 

1736 

8.84 

±0.38 

15.79 

<u;t;>  = 

and 

= 

yielding  a divergence  of 

a (<u' t ' >)  V 
ax 

and 


0.08  ± 0.01  (°C  cm/sec) 

0.01  1 0.01  (“C  cm/sec) , 
(-0.03  1 0.01)  (10)'5(°c/sec) 


<u't'>  I ^ (0.01  i 0.00)  (10)'5(°C/sec)  , 
n Jx 

with  the  total  being 


^ V^. (<u't'>h)  = (-0.02  • 0.01)  (10)  ^(°C/sec), 

which  is  more  than  an  order  of  magnitude  smaller  than  equation 
(3)  . 

The  longshore  heat  transport  consists  of  a fairly  station- 
ary southward  high  frequency  component  and  a nonstationary 
long  period  component.  The  latter  result  is  consistent  with 
the  rather  wide  band  forcing  of  the  coastal  waters  by  the  wind 
and  the  Florida  Current. 


4.4.2  Momentum  Fluxes 

For  the  momentum  fluxes  tabulated  in  tables  3 and  4, 
two  major  features  can  be  identified,  one  with  the  slowly 
varying  processes  and  the  other  with  the  high  frequency  terms. 
Spectra  of  momentum  fluxes  are  shown  in  figure  10.  The  con- 
tribution of  slowly  varying  processes  to  the  cross  terms 
<V  U>  has  great  spatial  variation.  Table  5 and  figure  9 
summarize  the  most  important  flux  and  divergence  terms. 


4.5  Limitations  of  Divergence  Calculations 

Since  the  means  summarized  in  table  2 are  unstable, 
tnough  they  were  computed  from  record  lengths  of  1%  to  3 months, 
the  flux  calculations  of  heat  and  momentum  and  hence  their 
divergences  are  suspect.  Stable  statistics  of  Southeast 
Florida  coastal  processes  require  record  lengths  of  at  least 
4 months.  The  summary  of  divergence  calculations  in  table  5, 
however,  does  hint  at  the  most  important  terms  for  the  diffusion 
of  heat  and  momentum. 
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Table  5 


Summary  of  Flux  Divergences 


^ Low  frequency 

i' 


i V . 
h X 

(<u 

t>h) 

(2, 

.8 

+ 1 

.8) 

(10)-^ 

(°C/ sec) 

1 V 
h 

(<v 

u>h) 

(2. 

,2 

± 0. 

3) 

(10)-“ 

(cm/sec^ ) 

- V . 
h X 

(<u 

u>h) 

(5, 

. 1 

i 1, 

.3) 

(10)-5 

(cm/ sec^ ) 

High  frequency 

Including  tidal  inlet  effects  Excluding  tiaal  inlet  effects 

^ (<u’t' >h)=(4. 2 + 1.4)  (10)'^  (°C/sec)  (-2.0+1.0)  (10)'’  (°C/sec) 

1 V (<v'u’>h)  = (4.9±5.9)  (10)’=  (cm/sec^)  (4.8±0.9)  (10)'  (cn/sec') 

h ^ 

1 V„.  (<u'u’>h)  = (8.4  + 0.y)  (10)'"  (cm/secO  (1. 9^0.5)  (10)'^  Ccm/sec^) 

h ^ 
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5 . SPECTRAL  ESTIMATES 


Spectra  with  15°  of  freedora  and  a Tukey  lag  window 
were  calculated  for  all  the  parameters,  including  heat  and 
momentum  fluxes  (Jenkins  and  Watts,  1969).  If  n represents 
the  number  of  degrees  of  freedom,  T the  record  length,  and 
M the  number  of  lags,  then  n = 2BT,  where  the  effective  band- 
width Bg  for  a Tukey  lag  window  is  1.33  (1/M)  or  2.67  (1/2M), 
almost  three  times  the  resolution  frequency  1/2M, 
and  almost  three  times  the  effective  bandwidth  of  a rectangular 
window.  The  variance  for  each  spectral  estimate  is  reduced 
by  86.5  percent  compared  with  the  variance  of  the  sample  spectrum 
In  other  words,  the  variance  of  the  spectral  estimates  is 
only  13.5  percent  of  the  variance  of  the  sample  spectrum 
which  is  just  a simple  Fourier  transform.  A sample  spectral 
component  is  defined  as 

T/2  -2^ft 

= I 1 y*  x(t)e  dt 

-T/2 

where  Xj^  is  the  amplitude  of  the  nth  frequency  component  of 
the  time  series  x(t) . The  variance  ratio  for  a Tukey  lag 
window  is  0.75  (M/T) . , and  with  15°  of  freedom,  M/T  = 0.18 
and  the  variance  ratio  (0.75)  x (0.18)  = 0.135. 

With  15°  of  freedom,  fluctuation  bounds  or  a confidence 
interval,  within  which  each  of  the  spectral  estimates  will 
lie  with  a certain  probability,  may  be  defined.  For  each 
of  the  spectral  plots,  this  confidence  interval  was  chosen  as 
80  percent  and  its  limits  are  shown  on  each  of  the  plots  in 
figures  8 and  10  with  the  effective  bandwidth  Bg . The  ordin- 
ates of  all  the  spectral  plots  are  logio  (amplitude  squared), 
making  the  confidence  interval  for  each  of  the  estimates  constant 


5.1  Stability  and  Stationarity 

The  stability  of  the  spectra  may  be  evaluated  by  comparing 
estimates  with  different  degrees  of  freedom,  and  the  question 
of  stationarity  may  be  addressed  by  looking  at  a time  history 
of  the  spectral  estimates. 

The  question  of  stationarity  was  approached  by  taking 
the  north  component  of  current  at  station  VI,  together  with 
the  east-west  heat  flux  at  VI,  and  the  north  component  of 
wind,  and  breaking  the  series  up  into  five  chunks  or  segments 
of  1024  points  or  hours  for  each.  Each  chunk  was  a data  block 
shifted  240  hours  from  the  previous  block,  except  for  the 
last  chunk  which  represented  less  than  a 240-hr  shift.  Thus, 
for  each  parameter,  five  spectra  were  computed,  each  of  which 
was  about  77- percent  redundant,  or  contained  an  overlap  of 
77  percent  of  the  points  of  the  previous  chunk.  The  amount 
of  redundancy  involved  here  produced  gradual  changes  in  the 
spectral  estimates.  These  are  shown  in  figures  11a,  11b,  and  11c 
where  five  spectra  were  computed  for  the  north  component  of 
current,  east-west  heat  flux  at  VI,  and  the  north  component  of 
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Figure  11b.  Spectra  of  eas  t~west  heat  flux  at  ntation  VI  for 
five  record  lengths  of  1024  hours.  Each  record  letigth  over- 
laps its  adjacent  record  length  by  77%. 
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wind.  The  spectra  computed  in  figures  8 and  10  represent  a 
synthesis  of  the  nonstationary  features  in  figure  11. 

The  overall  tendency  of  the  spectra  is  for  the  energy 
to  shift  about  in  the  low  frequency  part  of  the  spectrum. 

This  can  be  seen  for  all  three  parameters,  the  north  component 
of  current  at  VI,  the  east-west  heat  flux,  and  the  wind. 

In  some  instances,  the  daily  variations  appear  to  be  partially 
masked  by  the  low  frequency  part  of  the  spectrum  except  for 
the  wind  which  has  a fairly  distinct  and  stationary  diurnal 
peak . 


6.  CONCLUSIONS 

The  histograms  of  direction  from  all  three  stations  show 
a clearly  defined  north-south  fluctuation  for  the  low  frequency 
motions.  The  high  frequency  motions  tend  to  flatten  out  the 
distribution  of  low  frequency  directions.  This  is  caused 
by  the  east-west  tidal  current  movements  associated  with 
the  proximity  of  coastal  inlets  to  these  stations. 

Shallow  water  motions  (less  than  20  m)  tend  to  be  driven 
largely  by  the  wind  for  low  frequency  forcing  (periods 
longer  than  several  days)  with  negligible  lag. 

In  shallow  water  the  mean  vertical  velocity  shear  near 
mid-depth  is  on  the  order  of  10'^  to  5 (10)"^  sec”^  , and  data 
suggest  that  single  point  measurements  characterize  water 
column  motions  since  linear  correlations  between  components 
of  upper  and  lower  sensors  were  very  near  0.9, 

Motions  with  periods  of  10  days  or  less  can  be  attributed 
to  both  the  Florida  Current  and  the  wind  forcing. 

Temperature  can  be  used  as  a tracer  of  coastal  water 
during  the  winter  and  early  spring  where,  on  the  average,  the 
temperature  gradient  is  positive  to  the  east.  This  appears 
to  be  caused  by  frequently  occurring  cold  fronts  (every  1 to 
2 weeks)  that  lower  the  temperature  of  the  shallow  shelf  water. 
Occasionally,  however,  the  temperature  gradient  will  change 
sign  (see  fig.  7)  when  too  few  cold  front  events  of  sufficient 
intensity  occur,  allowing  a rise  in  the  temperature  of  the 
inshore  waters  even  in  winter. 

Near  the  shelf  break  (station  V3) , there  appears  to  be 
a temperature  drop  associated  with  southerly  flow  for  the 
two  southerly  flow  events  recorded  at  station  V3. 

The  dominant  east-west  divergences  of  heat  flux  are 
associated  with  the  slowly  varying  processes,  that  is, 

1 V .(<S  t>h)^  0(3(10)"^) ,°C/sec; 

h X 

with  the  tidal  inlet  effects  removed,  the  divergence  of  the  high 
frequency  term 

^ V^. (<u't’>h)^0(2(10)"") ,°C/sec 
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is  an  order  of  magnitude  smaller.  This  suggests  that  the 
scale  length  for  spatial  variation  of  east-west  heat  flux 
IS  larger  than  the  distance  between  VI  and  V2. 

The  dominant  momentum  flux  divergence  is  at  low  frequency, 

(<v  u>h)'\^  0(2(10)"“)  cm/sec^. 

The  remaining_divergences  of<u  u>,  <v'u’>,  and  <u'u'>  vary 
between  2(10)  ^ and  5(10)  where  <v'u'>  and  <u'u'>  are  the 
fluxes  with  the  tidal  effects  removed;  thus,  it  seems  that 
the  shallow  water  shelf  dynamics  are  controlled  mainly  by 
the  low  frequency  heat  and  momentiom  exchange. 

The  major  problem  in  computing  the  statistics  of  South 
Florida  coastal  processes  is  one  of  adequate  sampling  or  suffic- 
ient record  length.  It  is  estimated  that  at  least  4 months 
of  record  are  needed  for  stability  of  the  computations. 

Spectra  of  the  data  show  basically  nonstationary  low 
frequency  forcing  of  the  shelf  water  by  the  wind  and 
the  Florida  Current. 
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AHSTKACT 

The  tiehavior  of  a liarotropie  Rossby  wave  in  a zonal  current  is  studied  theoretically  usinR  a lieta  plane 
ocean  of  constant  depth  in  which  the  current  dei>ends  only  on  latitude.  The  wave  may  Ite  reliected  or 
absorbed,  dejcenclini?  on  whether  the  relative  frecjuency  as  detected  in  the  moving  water  increases  or  de- 
creases, res[)ectively,  as  the  wave  (tenetrates  into  the  current.  An  eastward-flowing  current  can  reflec  t a 
Rossby  wave  with  little  transfer  of  zonal  momentum  or  energy  to  the  current,  even  in  the  presence  of 
lateral  viscosity.  It  does  transfer  meridional  momentum.  A westward-flowing  current  can  absorb  a Rossby 
wave,  receiving  all  the  wave  momentum  and  much  of  its  energy.  Near  the  absor})tion  velocity  there  is  a 
balance  between  viscous  diffusion  and  advection  of  vorticity,  and  relative  accelerations  are  insignifleant. 


1.  Introduction 

I’ht'  behavior  of  Rossby  waves  in  a mean  flow  is  of 
inlerest  in  both  atmospheric  science  and  oceanography. 
\ large  literature  has  evolved  to  explain  time-dependent 
motions  and  their  etTecl  on  the  mean  circulation  in  terms 
of  these  waves.  In  this  paper,  we  will  focus  on  a limited 
a.spect  of  this  problem ; the  behavior  of  barotropic 
Rossby  waves  in  a barotro[)ic  zonal  current  when 
lateral  viscosity  is  present.  VVe  will  show  that  Rossby 
waves  which  propagate  into  a sufliciently  strong  zonal 
current  are  either  reflected  or  absorbed  by  the  current 
and  that  the  fate  of  the  waves  depends  on  whether  the 
relative  or  I)(>i)pler-shifted  frequency  of  the  waves  in- 
crea.ses  or  decrea.ses  as  the  waves  encounter  larger  cur- 
rent speeds. 

For  simplicity,  the  mtKiel  concerns  a homogeneous 
ocean  of  constant  depth  on  a beta-plane,  covered  by  a 
rigid  lid.  The  wave  motion  is  then  governed  by  con- 
servation of  jxitential  vorticity.  When  we  average  this 
cf)uation  over  a period  and  then  .subtract  the  mean  from 
the  total,  we  obtain  the  vorticity  equation  for  waves 

<?  a\ 

-+r— K+(d-f’")t'=<»T„Y-  (1) 

ai  ax/ 

The  equation  states  that,  at  any  instant,  there  is  a 
balance  between  the  time  rate  of  change  of  the  wave 

' Contribution  No.  8.50  of  the  Department  of  Oceanography, 
University  of  Washington.  This  work  was  sup|Hjrlcd  by  the 
National  Science  Foundation  under  Grant  GA  30745X. 


vorticity  j;'=  dr/dx  — au/ay,  as  seen  by  water  moving 
with  the  zonal  current,  the  advection  of  mean  vorticity 
by  the  meridional  wave  velocity  r,  and  the  lateral  diffu- 
sion of  wave  vorticity  cau.sed  by  lateral  viscosity.  Since 
none  of  the  coetVuients  in  (1)  depends  explicitly  on 
time  I or  on  the  zonal  coordinate  .v,  the  wave  motion 
may  be  decomixjsed  into  individual  waves,  each  with  a 
particular  frequency  u and  zonal  wavenumber  k^.  The 
model  which  we  have  chosen  is  barotroiiic  and  using 
continuity  we  may  detine  a streamfunction  for  which 
tt=  —a^r/ay  and  t—atk  dx.  given  wave  may  be  ex- 
pressed in  teniis  of 

^=4'(_v)  e.\p[;U’,x-u>/)],  (2) 

for  which  the  meridional  dependence  ^(y)  satisfies  the 
ordinary  differential  equation 

.1  ■+  (nr  - 2k  J.  I -/J) 

-iakJ+k/A„Jit  = 0,  (.1) 

where  jirimes  denote  differentiation.  The  relative  fre- 
quency, a = o)  — k,V,  determines  the  behavior  of  the 
Rossby  wave  in  the  current.  It  is  the  relative  frequency 
of  the  wave  as  seen  by  water  moving  with  the  current 
In  Fig.  1,  a Rossby  wave  is  shown  propagating  to- 
ward zonal  current;  that  is,  the  group  velocity  C„  in- 
dicating the  direction  of  energy  propagation  (Longuct- 
Higgins,  1%4),  is  into  the  current.  In  still  water  b'=0, 
and  without  viscosity,  the  wave  satisfies  the  cUussical 
dispersion  relation  for  Rossby  waves  given  Itelovv  and 
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V\  hen  lateral  viscosity  is  [rresent,  the  wave  is  dantped 
as  it  proptinates  althou^'h  the  ener);>  hiss  per  wave- 
length is  small  when  .1//  is  small.  The  current  is  also 
subject  to  viscosity  which,  through  the  ililTusion  of 
vorticity,  causes  the  current  to  spretid  as  well  as  liis- 
sipate.  We  use  sulliciently  small  values  of  .1//  in  this 
jjtiper  that  the  time  scales  of  Ihe  current  arc  hirge  com 
pared  with  the  wave  ])eriod. 


2.  Numerical  techtjiques 

In  all  the  examirles  of  kosshy  waves  in  a current 
.shown  in  this  pajrer,  the  solutions  are  obtained  b\ 
numerically  integrating  ordinary  dilTerential  erpiations. 
.-Ml  variables  are  first  non-dimensionali/ed  with  the 
length  scale  k~\  where  k=  {kj^+k„^)*  is  the  wavenumber 
of  the  incident  Rossbv  wave,  and  with  the  time  scale 

k '0. 

Without  viscosity,  the  Kosshy  waves  are  governed 
by  the  ordinary,  second order  dilTerential  equation 

= (.S) 

where  a = and  T"  are  functions  of  the  meri- 


dional coordinate  y.  I he  current  {jrolile  L (y)  consists 
of  a constant  current  region  f’=  fn,  a shear  zone  of 
width  Vo,  and  region  of  still  water  f ' = 0 as  shown  in 
I'ig.  1,  T he  current  within  the  shear  is  a fifth  order 
[Kilynomial  which  fits  l \ I ' and  / " continuously  be 
tween  the  two  constant  current  regions. 

The  boundarx  conditions  needed  to  complete  the 
problem  are  that  '4'  and  'P'  in  the  / o region  and  the 
still  region  be  eipial  to  the  analvtic  solution  of  (5)  which 
represents  the  incident  wave  and  waves  which  decay 
awa>  from  the  shear  zone.  I'unctions  '1'  and  were 
found  for  the  shear  zone  b\  integrating  (,S)  numerically 
using  Milne's  method,  as  discussed  by  Scarborough 
1 1‘Kifd.  The  solution  was  then  renomialized  so  that  the 
-ireamfum  tion  of  the  incident  wave  had  unit  magni- 
tude, ,ill  dynamic  variables  were  computed  from  'J'  and 
T'. 

\\  ith  lateral  viscosity , the  motion  is  governed  by  the 
fourth  order,  onlinary  dilTerential  e<iuation  (,T),  \'iscous 
dissi|)atioU  attenuates  Kosshy  waves  as  they  projiagate. 
( lutside  the  shear  zone,  the  governing  equatifin  may 
be  solveil  analy tii ally ; we  keep  those  solutions  cor- 
res|>onding  to  the  incident  wave  in  still  water  and  solu- 
tions which  decay  away  from  the  shear  zone.  These 
solutions  include  not  only  Kosshy  waves,  moditied  by 
viscosity,  but  also  viscous  boundary  layers,  moditied 
b\  the  iieta  etTei  I.  < H:r  choice  of  .solutions  insures  that 
the  imidclil  wave  lonies  from  still  water  toward  the 
slu  ar  zone  and  that  the  rcs|)onse  of  the  current  radiates 
away  from  that  zone. 

I'hese  analy  tic  solutions  were  extended  into  the  shear 
zone  by  integrating  (,T)  numerically  using  a Kunge- 
kutta  scheme  given  by  Collatz  (1%6).  The.se  .solutions 
were  matched  at  the  center  of  the  .shear  zone,  y=.Vo  2, 
b\  solving  a complex  matrix  equation  so  that  'k,  'k', 
>k"  and  'k'"  are  continuous  throughout  the  region  of 
interest.  .Ml  dy  namic  variables  are  then  computed  from 
xk  and  its  derivatives. 

3.  Reflection  of  Rossby  waves  by  an  eastward- 
flowing  current 

When  a Rossby  wave  pro]>agates  from  either  the 
north  or  the  south  into  an  easlward-lluwing  current. 


t ie.,  2.  In  an  invisud,  In'ta  iilanc  otean  aivcrcil  t>y  a rigid  lid, 
Kossliy  aaves  oulside  the  region  currents  satisfy  the  dispersion 
relation  given  atKO’e.  .\11  waves  with  the  same  angular  tre(|uemy 
have  wavenumlH*rs  lying  on  a eirt  le  of  radius  2w  w-hirse  center 
is  at  It),  -d  2uji.  The  direition  of  the  group  velmily  Cj  is  from 
the  tip  of  the  wavenumtier  vector  toward  the  (enter  of  the  circle. 
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l id.  .A  The  vcloiily  I',  ;il  «hieh  Kussliy  waves  |iro|)ai!aiinK 
into  an  eastward-tliminc  lurrenl  would  he  relleded.  The  curves 
show  the  dependence  of  on  the  wavenumher  \ and  the  anitle 
0 lietween  the  wavenumher  vector  and  due  east,  assuming 
/J  = 2..fX10'"  S-‘  cm  >. 

its  relative  frequency  increases.  Kor  a given  current 
system,  a may  become  so  large  that  the  wave  is  re- 
flected b\  the  current.  In  this  section,  we  will  consider 
the  basic  mechanism  by  which  reflection  occurs  and 
give  examples  with  and  without  lateral  viscosity. 

.-\  useful  way  to  begin  the  discussion  is  to  consider 
waves  whose  wavelengths  are  small  conqtared  with  the 
horizontal  scale  of  the  current.  Neglecting  viscosity  for 
the  moment,  we  apply  the  W'KH  aiiproximation  in 
which  a Rossby  wave  is  locallv  a plane  wave  whose 
ani])litude  and  wavenumber  change  slowly  as  the  wave 
propagates.  Taking  the  fonn 

^=a  exp[;(<vf+^Ty-u)0]  ((>) 

for  the  streamfunction,  the  inviscid  equation  (,S)  be- 
comes a dispe  '-m  relation  which  gives  the  meridional 
wavenumber 

A-„=±|^-(r'-d)-4-,=^  (71 

as  a function  of  relative  frequency  a.  Phe  (±)  sign 
in  \1)  indicates  that  there  are  two  waves  which,  as  we 
will  see  later,  corres|H>ml  to  the  incident  and  relleded 
waves. 

.\s  the  wave  projiagates  into  an  eastward  llowing 
current  (fX)),  the  lirst  tenn  [(it,  (r)(r"— d)l  inside 
the  brackets  of  (7)  becomes  smaller  as  a = ui  — k,r  in 
creases.  There  is  a reflection  velocity  / , at  a latitude 
where  goes  to  zero.  I'or  larger  currents,  Ol',, 
ky  is  imaginary  so  that  the  wave  deca\s  exponenliallv 
in  latitude;  the  wave  has  become  evanescent, 

;\n  eastward-flowing  current  causes  a Kossby  wave  to 
refract.  .\s  wave  energy  approaches  the  reflection  lati 
tude  /,„  the  group  velocity  of  the  wave  becomes  zonal. 
The  wave  continues  to  refract  bark  toward  the  still 


water  outside  the  current.  Near  wave  motion  and 
pressure  fluctuations  induce  periodic  motions  in  the 
current  where  f />  L\.  The  latter  decay  in  latitude  away 
from  Lr-  Currents  narrow  relative  to  the  decay  distance 
are  ‘‘leaky”  and  a transmitted  wave  pro[)agates  away 
from  the  current  on  the  far  side  (the  "tunnel  elTect”). 
The  wave  near  and  in  an  east  ward -flowing  current  con- 
sists of  an  interference  pattern  between  the  incident 
and  reflected  waves  w here  f '<  C,  and  a zonally  periodic 
boundary  layer  decaying  away  from  C,  toward  larger 
current  speeds.  The  total  pattern  propagates  westward 
with  the  zonal  phase  velocitx’  of  the  wave. 

In  the  discussion  thus  far,  we  have  not  explicitly 
mentioned  the  role  of  the  relative  vorticity  gradient 
L ".  It  acts  to  modify  the  rellection  velocity  L'r  and  the 
waveform,  but  essentiall)  does  not  change  the  reflection 
process.  The  relative  vorticits  gradient  may  become 
comparable  with  d >s  the  western  boundary  currents 
like  the  tiulf  Stream.  There  is  then  the  possibility  of 
barotrojiic  instabilities  for  which  d<C''  is  a necessary 
condition  (see  l.ipjjs,  In  the  discussion  to  follow, 

we  assume  that  f '"<d  to  consider  waves  which  may 
gi\-e  energy  or  momentum  to  the  current  as  oiiposed  to 
waves  which  extract  energy  and  momentum  from  the 
current. 

Solving  (7)  for  the  reflection  velocity  and  exjtressing 
kj  in  temis  of  the  wavelength  X and  angle  d of  the  wave- 
number  \-ector  with  respect  to  east,  we  obtain  the  re- 
flection velocitv  as  a function  of  the  wavelength  and 
the  orientation  of  the  Rossbx  wave  before  it  enters 
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I‘K;.  4.  Sircaniliiu-s  of  thr  iniiTftTcmf  pattern  In’twecn  an 
imidint  k»)s>l>\  wave  and  it.*;,  redetted  wave,  superimposed  on 
the  eastward  dowitiK  (urrent  whi«h  laused  the  retletlion.  In  this 
e.xample,  the  lateral  vis«osit\  is  identically  /ero.  .\s  lime  pr(«ct*<ls, 
the  pattern  moves  westward  with  the  zonal  phase  vehnity  of  the 
waves  The  group  velot  ities  in  this  example  are  meridional  There 
is  no  exc  hange  of  energy  Ix'tween  the  waves  and  the  current,  and 
the  wave  is  perfe<  tl\  rellei  ted. 
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the  current.  Negleclinf;  we  obtain 

fiy 

L'r= — tan-0.  (8) 

47T'' 

In  Kig.  .1,  the  distance  a Rossby  wave  ])enetrates  into  a 
current,  as  expressed  by  I'r,  depends  strongly  on  both 
the  initial  wavelength  and  orientation.  Waves  with 
long  wavelengths  or  whose  wavenumbers  are  nearlx’ 
meridional  propagate  farthest  (that  is,  to  largest  values 
of  I into  the  current. 

.An  example  of  a Rossby  wave  being  retlected  by  a 
current  is  shown  in  Fig.  4.  What  we  see  is  an  interfer- 
ence pattern  of  the  incident  and  retlected  waves,  super- 
imposed on  the  eastward-llowing  current.  The  figure 
shows  the  streamline  pattern  at  one  instant  in  time; 
as  time  proceeds,  the  pattern  would  move  westward 
with  the  zonal  phase  velocitx'  u/k,  of  the  Rossby  waves. 

The  incident  and  retlected  waves  in  Fig.  4 have  equal 
amplitudes.  This  is  consistent  with  the  finding  of 
Hretherton  and  Garrett  (1%8)  that  waves  in  a shear- 
ing, inviscid  lluid  conserve  wave  action,  the  ratio  of  the 
energy  tlux  to  the  relative  or  "intrinsic”  frequency  <r. 
Outside  the  current,  the  reflected  wave,  for  which  the 
frequency  a = u,  is  equal  to  frequency  of  the  incident 
wave;  and  its  energx-  tlux  is  equal  to  the  energy  tlux  of 
the  incident  wave.  Since  the  magnitudes  of  the  group 
velocities  for  the  two  waves  are  equal,  their  ani|)litudes 
must  be  equal. 

Without  viscosity,  the  Rossby  wave  is  retlected  with- 
out transferring  zonal  momentum  to  the  current,  as 
can  be  seen  front  the  svmmetry  of  the  streamlines  in 


F'ig.  4.  During  a wave  period  the  meridional  velocity 
advects  as  much  zonal  momentum  into  the  current  as  it 
advects  back  out  again  ; the  zonal  Reynolds  stress  —uv 
is  identically  zero.  The  wave  does  exert  a meridional 
force  through  — (e-)',  which  is  positive  and  hence  tends 
to  increase  the  shear  of  the  current. 

When  lateral  viscosity  is  included  in  the  theoretical 
model,  we  find  that  the  rellection  jtrocess  is  only  slightly 
moditied.  In  Fig.  5,  the  streamfunction  pattern  for  a 
rellection  wax'e  in  a viscous  ocean  strongly  resembles 
the  pattern  for  the  inviscid  case  (Fig.  4).  The  retlection 
process  is  therefore  basically  inviscid  with  viscosity 
acting  to  modify  but  not  comiiletely  alter  the  dynamics. 
A'iscosily  allows  the  transfer  of  zxmal  momentum  and 
energy  between  the  wave  and  current,  but  the  e.xchange 
is  not  greatly  different  from  the  inviscid  ca.se,  as  we 
see  by  comparing  the  energy  transfer  terms  in  F'ig.  6 
with  similar  terms  in  F'ig.  1 1 , corresponding  to  absorjt- 
tion  of  a wave. 

4.  Absorption  of  Rossby  waves  by  a westward- 
flowing current 

If  a Rossby  wave  propagates  from  either  the  north 
or  the  south  into  a westward-flowing  current  (U<0), 
its  relative  frequency  a decreases,  and  the  wave  may 
encounter  a region  where  a goes  to  zero.  Relative 
accelerations,  proportional  to  a,  no  longer  play  a signifi- 
cant role  in  the  wave  d\  namics.  .Assuming  that  lateral 
viscosity  is  present,  a balance  is  then  maintained  be- 
tween the  wave  advection  of  mean  vorticity  and  the 
diffusion  of  wave  vorticity. 


Kir,.  .S.  Streamline  pattern  due  to  reflection  of  a Rosshv  wave  when  lateral 
viscosity  is  present  [ft"  'di.lH^O  O’.SJ.  The  pattern  is  similar  to  the  inviscid  case 
(KiR.  4)  indiialing  that  the  refleition  process  is  hasically  inviscid  The  differences 
la’tween  the  fiRurcs  arise  hei  ausc  the  im  idem  and  reflected  waves  are  damped  1>> 
viscosity  as  they  profiagate. 
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Fig.  6.  I’rofiles  of  the  energy  terms  corresponding  to  the  example  in  Fig.  5 of  the 
reflet  tion  of  a Kosslty  wave  liy  an  eastward-flowing  current.  Little  energy  is  trans- 
ferred between  the  wave  and  the  current  tluring  reflection  compared  with  absorption 
of  a wave  (Fig.  11). 


rhis  is  a tiilTcrcnl  btilance  than  occurs  with  a solid 
boundary  present  because  the  two  “viscous”  solutions 
are  small  everywhere  and  the  viscosity-modifted  “in- 
viscitl"  wave  solutions  dominate.  .\s  shown  by  Reid 
(1%5)  and  Lakin  (personal  communication),  there  are 
four  solutions  to  Kq.  (5),  'I'j,  'I'a  and  'Fp  in  which 

'Fi,2  are  essentially  inviscid  while  'I'a.t  are  essentially 
viscous  and  would  not  occur  in  an  inviscid  lliiid.  With 
surticiently  small  viscosity  each  can  be  e.xpanded 


with 


Near  the  critical  layer  we  take 
ila\ 


u « 


and 


(y— y«)=  —k,ra'(y~y„), 


V=k,(y-y^)/e. 


/,/2  x,/^^Ir(o  (V'pl  'T‘ 

— + -1) = -r (14) 

The  z,ert)-order  “viscous”  solutions  are  double  inte- 
grals of  the  .Airy  functions  ;ind  as  stated  above  are 
small.  'I'he  zero-order  “inviscid”  solutions  are 


'^i=tT!-k,{y  — ya), 


(15) 


Substituting  then  into  (,?)  and  coller  ting  tenns,  ihe  two 
lowest  order  equations  are 


(—+7 


= 0. 


(15) 


Kk;.  7.  rho  ;ilKoq)lion  vclfxity  (\  (ru’K.itive  toward  the  west) 
of  a westwanl  dowinj;  t urrcnl  al  whi<  h a Kossfiy  wave  of  wave- 
length X is  al>J*orlKMl ; It  is  efjual  to  the  xonal  phase  velotity  u k, 
of  the  wave.  Note  that  l'„  is  indepenflenl  td  the  direttion  of 
pro]>a)iation,  althouRh  waves  (oming  from  dilTcrent  direitions 
have  in  general  dilTerenl  jH'riods. 
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I-’ir..  8.  'riie  alisorplion  vcliK'ity  as  a fuiu'tinn  of  ihc  wave  period  T and  the 
ancle  0 lieUveen  ihe  croup  velocity  (!„  and  due  east.  For  a civen  wave  period,  f , 
Iteeonies  im  reasincly  larcer  as  the  w ave  enercy  propacates  more  westward  (it>  -*  0). 


the  IcitdinR  temi  in  'I'l,  and 

4/2=1,  (16) 

the  leading  term  in  the  rek'tilar  jtarl  of  4/^  (4/2  ha.s  ;i 
singularity  as  y=y’a  in  the  inviseid  ease).  Since  these 
terms  satisfy  the  zero-order  eqtialion  Iriviallv,  the 
balance  of  forces  is  detennineii  from  tlie  first  order 
equations,  and  at  »j  = (l  the  only  remaining  temis  tire 

<1*  r”-,i  r.."-d 

<Ir<"  = 4/,"'  = , (17) 

'/i7*  kjC,' 

which  represents  a baltince  between  the  advection  of 
mean  vorticity  and  the  dilTusion  of  wave  vortieitc. 
The  wave  is  absorbed  within  the  region,  giving  its 
momentum  to  the  current.  The  tvtive  energt  goes  ptir- 
tially  into  work  done  on  the  current,  and  the  rest  is 
dissipated  by  viscosity. 

The  absorption  velocity  l'„,  often  called  the  critical 
velocity,  is  equal  to  the  zonal  phase  velocity  ui/k,  of 
the  kossby  wave  in  still  water.  U riting  the  absorption 
velocity  in  terms  of  the  wavelength  X in  still  water, 
we  find  from  (4)  that  the  absorjttion  velocity 

dx- 

/■„=-  (IK) 

4tr^ 


is  independent  of  the  direction  of  pro])agation ; I' a is 
plotted  in  Tig.  7 as  a function  of  wavelength.  .All  waves 
absorbed  at  a given  current  velocity  had  the  same 
wavelength  in  still  water,  although  they  could  have 
come  from  tiilTerent  source  regions. 

Since  Kossby  waves  are  anisotro|tic,  waves  having  the 
same  wavelength  but  different  orientations  have,  in 
general,  different  periods.  Letting  0 be  the  angle  be- 
tween the  group  velocity  C„  and  due  east,  the  absorption 
velocity  may  be  exjtressed  as  a function  of  0 and  the 
wave  perioil  T : 

8ir2 

r„= - . (Iff) 

dT-Cl  +COS0) 

This  is  plotted  in  I'ig.  8.  We  see  from  the  figure  that  for 
a given  period,  the  waves  have  smallest  absorption 
velocities  when  the  wave  energy  is  propagating  nearly 
eastward.  Waves  whose  grou|)  velocities  are  nearly 
westward  have  large  ab.sorj)tion  velocities  and  would 
|)robably  not  be  absorbed.  .Actually,  around  0=0,  the 
rigid  lid  assumption  breaks  down.  .As  shown  by  Rattray 
(1604)  for  a beta-[)lane  ocean  with  a free  surface, 
gnivity  modifies  the  disiiersion  relation,  preventing  k 
from  going  to  zero  and  thus  constraining  l'„  to  finite 
but  large  values. 

.An  examjile  of  a Kossby  wave  being  absorbed  by  a 
westward  llowing  current  is  shown  in  Fig.  9.  The  tech- 
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nique  for  solving  the  viscous  problem  is  given  in  the 
section  on  numerical  techniques.  The  wave,  which  is 
partially  clamped  by  viscosity  as  it  itropugates  into  the 
current,  is  absorbed  around  the  absorption  velocitc’  ( 

■\  viscous  boundary  layer  extends  the  wave  influence 
into  stronger  current.  Contrary  to  an  inviscid  model, 
the  meridional  wavenumber  does  not  become  infinite 
at  (T  = 0;  nor  does  the  wave  amplitude  increase  without 
bound.  Our  results  agree  with  those  of  Hennett  and 
\ oung  (1971)  who  studied  Rossln  waves  subject  to 
linear  friction  and  initial  transients. 

In  Fig.  9 we  see  the  streamline  pattern  at  one  instant. 
.As  time  jtroceeds,  the  wave  pattern  moves  westward 
with  the  zonal  phase  velocity  ui'k,.  The  pattern  moves 
more  rapidly  westward  than  water  in  the  current  for 
which  I C|  <1  f'aj  ; where  [ U\  >'Va.  the  water  over- 
takes the  wave  pattern.  The  phase  propagation  outside 
the  current  gives  the  illusion  that  the  Rossby  wave  is 
radiating  from  the  current.  However,  the  group  velocity, 
indicating  the  direction  of  energy  propagation,  is  into 
the  current. 

The  momentum  transferred  from  the  Rossby  wave 
to  the  current  may  be  seen  qualitatively  in  Fig.  9. 
Since  the  wave  is  attenuated  within  the  current,  de- 
creasing amplitude  of  the  meridional  wave  velocitv 
produces  a meridional  force  — (f*)',  exerted  away  from 
still  water.  The  wave  also  exerts  a zonal  force  — [in]'  in 
the  direction  of  the  current.  Using  the  same  argument 


presented  by  Starr  (1968)  to  describe  momentum  trans- 
fer by  Ciulf  Stream  meanders,  the  skewed  pattern  of 
streamlines  near  V=  l '„  in  Fig.  9 allows  the  meridional 
wave  velocity  v to  carry  more  zonal  momentum  into  the 
current  than  it  returns.  Details  of  the  Reynolds  stresses 
— uv  and  — t-  and  their  dependence  on  lateral  viscosity 
are  shown  in  Fig.  10.  The  zonal  force  exerted  by  the 
wave  does  work  on  the  current ; this  work  and  the 
viscous  dissipation  of  the  wave  are  shown  in  Fig.  11. 
W’e  see  that  Rossby  waves  [iropagating  into  a west- 
ward-flowing currenf  can  sharjien  the  shear  and  acceler- 
ate the  current. 

5.  Discussion 

Let  us  consider  a large  g\  re  of  oceanic  dimensions 
and  explore  the  behavior  of  Rossby  waves,  generated 
in  the  gyre’s  quiescent  center,  as  they  [iropagate  into 
the  anticyclonic  current  system.  Waves  whose  group 
velocities  carr\  the  waves  toward  the  equator  are  ab- 
sorbed by  the  westward-flowing  current.  Waves,  whose 
group  velocities  carry  them  into  the  eastward-flowing, 
high-latitude  current,  are  reflected  and  propagate  back 
toward  the  equator;  the\'  are  also  absorbed  by  the 
westward-flowing  current . 

The  analysis  thus  far  has  not  included  non -zonal 
currents,  such  as  the  jioleward-tlowing,  western 
boundars'  currents  or  equatorward-llowing  drift  on  the 
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f ie.,  y.  The  at>s<iqillcin  nf  a Rossln-  wave  tiy  a wcslwaril  itowini:  current.  The 
wave,  ini  hfent  from  the  top  of  the  figure,  propagates  into  the  current ; it  is  ahsorlK’ti 
near  the  afisoqition  velocity  f,  in  a region  whose  width  depends  on  the  iateral 
viscosity.  In  this  example,  fF’  = 0.025  and  the  width  of  the  shear  zone  within 
the  current  is  Fyo  = 7.0.  The  asymmetry  of  the  streandines  within  the  lurrent 
indicates  that  the  Rossln  wave  is  giving  up  zonal  momentum  to  the  current. 
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NON-DIMENSIONAL  DISTANCE  ACROSS  CURRENT  ky 


non-dimensional  DISTANCE  ACROSS  CURRENT 


^'ru.  10.  The  Reynolds  stresses  — we  and  — :'7fora  Kossht"  wave 
heinj;  alisorlieri  iiy  a westward  tlowinj;  current,  the  same  wave 
illustrated  in  I-'i>;.  0.  The  curves  indicate  the  dependence  of  these 
stresses  on  lateral  viscosity.  The  behavior  of  waves  with  non- 
meridional group  velocities  is  similar  to  that  show  n here. 

eastern  [)art  of  gyres.  It  seems  clear  though  that  the 
fate  of  the  Rossbv  waves  depends  on  the  relative  fre- 
tiuencv  (T=  0)  — k ■ U.  If  it  increases  and  ,k  U becomes 
suibciently  large,  the  waves  will  be  rellected.  If,  on  the 
other  hantl,  a decreases  to  zero,  the  waves  will  be  ab- 
sorbetl  and  give  all  their  momentum  and  some  of  their 
energy  to  the  current.  In  general,  whether  the  waves  are 
reflectetl  or  absorbed,  they  exert  a force  on  the  water 
within  the  current  system,  tending  to  push  the  water 
out  away  from  the  center  of  the  gyre.  This  force  is  a 
generalization  of  the  meridional  force  — (t“)'  and  is  in 
the  direction  of  maximum  attenuation  of  the  waves 
within  a given  current.  .Since  longer  wavelength  waves 
have  smaller  wavenumbers,  those  waves  jienetrale 
furthest  into  the  currents,  and  they  may  reach  the 


continental  slope,  where  the>'  are  reflected  back  into 
the  gyre,  usually  with  a different  wavelength. 

While  we  have  used  lateral  viscosity  in  this  paper, 
Bennett  and  Young  (l‘>71)  chose  a linear  friction  to 
study  the  behavior  of  barotropic  Rossby  waves  in  a 
mean  flow.  Instead  of  the  diffusion  term  on  the  right- 
hand  side  of  the  vorticity  equation  (1),  linear  friction 
creates  a loss  term  — af,  which  is  proportional  to  the 
vorticity.  We  may  attribute  this  loss  to  the  bottom 
Kkman  layer.  Similarly,  the  linear  momentum  of  the 
waves  is  lost  to  the  fluid  through  bottom  drag.  There  is, 
then,  an  essential  difference  between  lateral  viscosity 
w hich  couples  laterally  adjacent  water  parcels  and  linear 
friction  which  couples  a given  water  parcel  to  the  bot- 
tom Ekman  layer. 

A barotropic  Rossby  wave  is  subject  to  both  lateral 
viscosity  and  spindown  by  the  bottom  Ekman  layer. 
•\s  we  generalize  the  homogeneous  model  to  a more 
realistic  model  in  which  the  ocean  is  stratified,  the 
vertical  density  gradient  may  suppress  Ekman  suction. 
Stratification  decouples  barotropic  motions  from  the 
bottom,  and  viscous  processes  are  then  dominated  by 
lateral  viscosity. 

Dickinson  (1970)  and  Bennett  and  \'oung  (1971)  also 
considered  the  dcvelo[)ment  of  Rossby  waves  in  a mean 
flow  as  they  propagate  into  an  initially  steady  flow.  They 
find  that  the  time  scale  for  development  of  a stationary 
wave  pattern  is  so  long  compared  with  the  time  scale 
of  seasonally  fluctuating  winds  that  the  atmosphere  is 


l•'IO.  11.  Trohles  of  ihr  t'nergy  terms  (orrespomling  to  the 
example  of  altsoqttion  of  a Rosslyv  wave  hy  a westwanl-tlowing 
(urrent  given  in  I'igs.  *1  ami  10.  'I'he  term  — t/trU''  appears  in 
the  energy  etpiation,  giving  the  rate  at  whiih  energy  is  aihled  or 
removed  from  the  wave  hy  the  current.  The  term  — ffii:)'  is  the 
rate  at  which  work  is  done  on  the  current  hy  the  wave. 
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always  in  a transient  state.  There  are  important  cur- 
rents in  the  oceans,  such  as  the  Somali  Current,  which 
have  seasonal  time  scales,  and  the  results  of  the  above 
papers  are  of  particular  interest  in  studying  these  cur- 
rents. .Most  major  current  systems  in  the  ocean  are  far 
steadier  than  the  major  wind  systems  in  the  atmo- 
sphere. We  may  expect  for  these  currents  that  a Rosshy 
wave  could  become  fully  developed  and  that  the  results 
of  the  present  pajier  would  then  appl>’. 

The  real  oceans  do  not,  of  course,  have  a constant 
depth,  and,  as  shown  by  Rhines  (1%9),  bottom  topo- 
graphy can  trap  Rossby  waves.  The  oceans  are  also  not 
covered  by  a rigid  lid  and  the  combined  role  of  gravity 
and  the  beta-elTect  can  cause  equatorial  trapping  of 
waves.  Both  these  effects  may  constrain  Rossbx’  waves 
to  particular  regions  where  the  waves  are  either  ab- 
sorbed by  currents  or  dissipated  by  friction.  If  the  waves 
are  absorbed  by  currents  the  absorption  process  should 
resemble  that  described  in  this  paper. 

6.  Summary 

When  a Rossby  wave  propagates  into  a zonal  cur- 
rent, its  behavior  is  determined  by  the  relative  or  in- 
trinsic frequency  as  seen  by  water  moving  with  the  cur- 
rent. If  the  frequency  becomes  sufficiently  large,  the 
wave  will  be  reflected  by  the  current.  The  wave  then 
exerts  a meridional  force  on  the  water ; even  with  lateral 
viscosity,  most  of  the  zonal  momentum  and  energy  of 
the  waves  propagates  away  with  the  relfected  wave,  ff 
the  relative  frequency  decreases  to  zero,  the  Rossby 
wave  is  completely  absorbcxl,  giving  uj)  all  of  its  mo- 
mentum and  much  of  its  energy  to  the  current.  In  the 
absorption  region,  the  dxnamic  balance  is  between 


wave  advection  of  vorticity  and  the  diffusion  of  wave 
vorticity  caused  b\'  lateral  viscosity. 
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EMPIRICAL  MODEL  POR  TIDES 
IN  THE 

WESTERN  NORTH  ATLANTIC  OCEAN 
Harold  0.  Mofjeld 
ABSTRACT 

This  report  describes  an  empirical  tide  model 
for  the  western  North  Atlantic  ocean  which  pre- 
dicts the  semi-daily  and  daily  tides  relative  to 
mean  sea  level.  The  model  interpolates  harmonic 
constants  from  three  reference  stations  on  a Mer- 
cator projection  to  obtain  constants  at  a given 
location,  from  which  the  tides  are  then  computed. 
The  geographic  region  over  which  the  i.iodel  predicts 
tides  within  a standard  deviation  of  5 cm  was 
determined  through  a comparison  with  data  from 
test  tide  stations.  A set  of  FORTRAN  subroutines 
and  their  use  are  described,  allowing  a user  to 
implement  the  model.  Minor  modifications  of  two 
subroutines  are  required  to  extend  the  period  of 
the  model  1P75-1978  to  either  earlier  or  later 
periods . 


1.  INTRODUCTION 

This  tide  model,  developed  by  the  author  under  NASA  Con- 
tract Number  369-07-01-17-55,  is  designed  to  provide  sea- 
surface  displacement  infom.ation  for  tides  in  the  western 
North  Atlantic  Ocean.  The  model  is  a set  of  computer  sub- 
routines which  compute  the  tidal  displacement  from  mean  sea 
level,  given  the  coordinates  of  the  desired  location  and 
the  desired  date  and  time.  It  can  be  used  to  generate  a 
time  series  at  a given  location,  the  geographical  distribu- 
tion of  tidal  height  at  a given  instant,  and/or  the  tidal 
height  under  a satellite  as  it  passes  over  the  model  area. 

The  model  was  developed  in  support  of  the  CEOS- II I satellite 
program  to  measure  tides  from  space;  the  model  area  corre- 
sponds to  part  of  the  calibration  area  for  this  satellite. 

The  tidal  displacement  is  computed  from  a set  of  harmonic 
constants  which  have  been  obtained  by  linear  interpolation 
on  a Mercator  projection  of  harmonic  constants  at  three 
reference  stations.  The  latter  constants  were  found  through 
analysis  of  actual  pressure  or  sea  level  observations.  Figure  1 
shows  the  western  North  Atlantic  Ocean  reference  and  test 
stations  and  a cross-hatched  area  indicating  where  the  model 
is  applicable  as  estimated  from  an  accuracy  criterion  applied 
at  test  stations.  Table  1 lists  the  locations  of  the  reference 
stations,  the  periods  over  whicli  the  observations  were  made,  the 
analysis  method,  literature  references,  and  harmonic  constants. 
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Figure  1.  GFOS-III  •jaLibration  area  in  the  uestern  Atlantia 
with  reference  and  test  statioyia  and  the  geographical  extent 
of  the  GEOS- III  tide  nodel  as  defined  bg  the  cross-hatched 
region . 
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Table  1.  Reference  Stations 


HO- 


The  accuracy  of  the  model  depends  on  several  factors: 

How  accurately  the  harmonic  constants  have  been  determined  at 
the  reference  stations,  how  well  the  interpolation  scheme  fol- 
lows the  actual  distribution  of  harmonic  constants,  and  whether 
the  limited  number  of  harmonic  constants  used  in  the  model 
ad.ouately  describe  the  tides.  The  goal  of  the  model  is  to 
! roi ide  tidal  displacements  above  mean  sea  level  within  +5  cm 
standard  deviation  in  the  area  shown  in  figure  1,  Fight 
harmonic  constants  have  been  selected  for  the  model:  four  daily 
constituents,  Kj^,  Oj , Pj , Qj  ; and  four  semi-daily  constituents, 

\’2 , S2,  K2.  These  eight  constituents  contain  almost  all 
tfie  energy  in  the  daily  and  semi-daily  tidal  frequency  bands. 

Lower  frequency,  minor  daily  and  semi-daily,  and  higher 
frequency  sea- level  fluctuations  arc  not  included  in  the  model. 

A discussion  of  the  c.xcludcd  fluctuations  and  their  behavior  in 
the  western  Atlantic  can  be  found  in  Zctler  e_^  al.  (197S),  and 
Brown  e_^  al_.  (19"5).  The  observations  at  the  rcTcrence  stations 
are  measurements  of  cither  bottom  pressure  or  sea  level.  Such 
measurements  do  not  include  displacements  of  the  sea  surface 
caused  by  the  vertical  motion  of  the  bottom;  the  model  therefore 
docs  not  contain  earth  tides. 

A comparison  of  tidal  heights  as  obtained  from  observa- 
tions at  the  MOnr./AOML-l  station  with  predictions  of  tlie  model 
is  shown  in  figure  2.  The  standard  deviation  of  model  from 
the  observations  for  the  duration  of  tlie  .AOML-1  record  is  3.0  cm. 
The  observations  have  been  filtered  to  remove  fluctuations 
at  frequencies  lower  than  tidal  bands. 

The  area  within  which  the  model  should  meet  the  +5  cm 
accuracy  criterion  was  obtained  through  a study  of  tidal  dis- 
tributions for  the  Atlantic  Ocean  as  given  by  Dietrich  (1963) 
and  through  a comparison  of  harmonic  stations  at  tide  stations 
other  than  the  reference  stations.  There  is  good  agreement 
at  the  i\C  (N'orth  Carolinal  station.  The  model's  predictions 
should  therefore  be  accurate  as  far  north  as  35°K,  near  the 
continental  shelf. 

The  discrepancies  at  F.leuthera  Island  and  Puerto  Rico 
stations  define  the  soutliern  limit  of  the  model  as  shown 
in  figure  1.  The  differences  in  harmonic  constants  between  the 
model  and  these  latter  stations,  as  given  in  table  2,  result 
from  changes  in  the  tidal  regime  between  the  western  and 
cquatori;il  Atlantic  Oceans  and  from  more  localised  influences  of 
tidal  regimes  beiiind  tlie  islands,  extending  tlirough  the  passes 
between  the  islands.  A clear  example  of  variations  in  tides 
near  passes  can  be  seen  in  table  2 by  comparing  the  two  Fleuthera 
Island  stations  shown  in  figure  3.  The  tidal  regime  on  the 
Baliama  Banks  influences  tlie  tides  at  both  stations;  Fleuthera  I, 
to  a greater  extent  with  smaller  tidal  amiilitudes  and  later 
phases,  than  Fleuthera  II,  which  is  farther  from  island  passes. 
N’either  station  can  be  considered  representative  of  the  open 
ocean . 

Through  studies  such  as  Redficld  (19581,  it  is  clear 
that,  on  the  continental  shelves,  tidal  amplitudes  and  phases 
change  over  distances  which  arc  short  compared  with  distances 
over  which  amplitudes  and  phases  vary  in  the  western  Atlantic 
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SEA  SURFACE  DISPLACEMENT  (METERS) 


Table  2.  Comparison  of  Model  with  Test  Stations 
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Table  2.  Comparison  of  Model  with  Test  Stations -- (Cent inued) 
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stations  Eteutkeva  I and  Eleuthera  11  located 
near  passes  het:jeen  Eleuthera  and  adjacent 
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Ocean.  The  GEOS-III  tide  model  is  based  on  harmonic  constants 
from  the  open  ocean  and  is  applicable  only  where  the  tidal 
amplitude  and  phase  variations  have  oceanic  rather  than  shelf 
spatial  scales.  The  model  should  be  used  seaward  of  the  2000-m 
depth  contour.  If  extrapolated  into  shallower  water,  the  model 
will  underestimate  the  tidal  amplitudes.  The  discrepancy  increas- 
es rapidly  shoreward  of  the  ZOO-m  depth  contour. 

While  it  is  traditional  in  tidal  prediction  calculations 
to  fix  the  node  factors  at  a single  set  of  values  for  time 
series  up  to  1 year  in  duration,  the  model  computes  the  in- 
stantaneous node  factors  for  each  time.  The  more  accurate  pro- 
cedure is  used  for  two  reasons;  First,  the  operational  period 
of  the  GEOS-III  satellite  coincides  with  a period  in  which  the 
node  factors  are  changing  rapidly,  and  hence  the  fixed  factors 
are  likely  to  differ  significantly  from  the  correct  values;  and 
second,  variable  node  factors  allow  direct  comparisons  between 
results  of  the  model  and  observations  obtained  several  years 
before  the  launch  date  of  the  satellite.  The  additional  computer 
time  required  to  compute  the  node  factors  is  not  significant. 

Because  of  assumptions  used  in  establishing  the  time  base 
of  the  model  and  because  of  assumptions  made  about  the  functional 
dependence  of  the  node  factors  on  time,  the  model  should  be 
used  only  within  the  time  period  1973-1978.  Extending  this 
period  requires  simple  modifications  of  subroutines  TIVE  and 
NODE. 

In  the  open  oc’an  the  sea  surface  is  fluctuating  about 
a time- independent  mt an  because  of  several  processes  of  which 
ocean  tides  produce  some  of  the  largest  displacements . In  the 
GEOS-III  calibration  area,  tidal  displacements  amount  to  about 
+0.5  m.  Other  processes  such  as  time-dependent  currents, 
atmospherically  induced,  low  frequency  waves,  seasonal  heating 
and  cooling  (steric  anomaly),  and  earth  tides  may  produce 
displacements  of  perhaps  tO.l  m.  The  region  of  the  Gulf  Stream 
in  the  calibration  area  is  subject  to  meanders  of  the  current 
which  can  produce  sea  surface  fluctuations  as  large  as  1 m. 

If  the  altimeter  of  the  GEOS-III  is  found  to  have  sufficient 
resolution,  these  processes  must  be  included  in  any  analysis 
scheme  to  remove  and/or  study  time-dependent  sea  surface  fluctua- 
tions in  the  altimetry  data. 

2 . FUNDAMENTAL  FORMULAS 

The  sea  surface  displacement  at  a given  time  and  location 
is  computed  using  the  expression 

8 

h = X!  (o-t  - c.)  , (1) 

i = l ^ 

where  f , A j , o^,  and  Cj  are  the  node  factor,  amplitude, 
frequency,  and  phase  lag  of  the  i t Ii  tidal  const  itutent  and  t is 
the  time  relative  to  0000  GMT  1 March  1975.  The  frequencies  of 
the  eight  principal  constituents  are  obtained  from  Schureman 
(1941);  all  other  quantities  arc  computed  by  the  model. 
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The  node  at  . '-^s  are  computed  from  cubic  polynomials, 
derived  from  Stirling's  interpolation  formula  applied  to  values 
for  the  middle  of  each  year  1973-1977,  as  found  in  Schureman 
(1941)  , 


fi  = a^  + bi  u + c^  u^  + d^  u^  , (2) 


where  a^,  bj^,  Cj^,  and  dj^  are  coefficients,  and  u = t-to,  and 
t^  being  the  time  lag  in  hours  from  the  start  time  of  the 
model  to  0000  GMT  1 July  1975. 

The  amplitudes  and  phase  lags  a^e  computed  from 
the  complex  harmonic  constants  Hj  = Hj,  , 


and 

5 . = arctan  ( H.  / ) . (4) 

The  complex  harmonic  constants  are  computed  at  a given 
location  by  the  linear  polynomial 

I'i  =(«i,i)  >=  * ("i,:)  >■  * i'i,3  , (5) 

where  x are  coefficients  and  x and  y are 

the  zonal  and  meridional ’Mercator  coordinates,  corresponding 
to  the  latitude  e and  east  longitude  X of  the  location,  measured 
westward  as  a negative  quantity  from  0°E: 


X - 7T  X 


(6) 


and 


y = In  <tan  ( 45°  + f/l  )!'  . (7) 


The  coefficients  Ilj  j are  found  by  fitting  equation  (5)  to 
complex  harmonic  constants  (Greenwich  phase  adjusted  to  0000  GMT 
1 March  1975)  at  three  reference  station's,  using  the  Mercator 
coordinates.  Contour  maps  of  the  real  and  imaginary  parts  of 
the  complex  harmonic  constants  for  M2  and  are  shown  in 
figure  4. 
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Figure  4a.  Real  part  of  the  M 
oomplex  harmonia  aonstant. 


Figure  4b,  Imaginary  part  of  the 
M complex  harmonia  aonstant . 


> 

Figure  4a.  Real  part  of  the 
complex  harmonia  aonstant . 


Figure  4d.  Imaginary  part  of  the 
K oomplex  harmonia  aonstant . 


3.  USE  OF  THE  MODEL 


A straightforward  application  of  the  model  would  be  to 
call  TIME  first  to  obtain  the  time  T from  the  date  and  time 
in  Greenwich  Mean  Time  and  then  to  call  TIDE  with  T and  the 
latitude  THETA  and  longitude  LAMBDA  to  obtain  the  sea  surface 
displacement  at  that  time  and  place.  By  repeating  the  TIDE 
call  at  different  locations  but  using  the  same  time  T,  the 
spatial  distribution  of  the  sea  surface  displacement  at  that 
instant  can  be  obtained  for  the  calibration  area.  Figure  5 
gives  contour  maps  of  sea  level  during  a semi-daily  tidal  cycle, 
using  this  procedure  to  generate  the  distributions  over  a grid 
at  successive  times.  Contour  maps  of  sea  level  within  the 
model  area  are  shown  in  figure  5 at  3-hr  intervals,  beginning 
0000  GMT  1 March  1975.  The  maps  illustrate  the  distribution 
of  tidal  deviation  from  mean  sea  level  during  a semi-daily 
tidal  cycle.  For  a satellite  passing  over  the  calibration  area 
in  a time  period  which  is  short  compared  with  the  tidal  periods, 
the  displacement  under  the  satellite  may  be  obtained  by  fixing 
T and  computing  the  displacements  at  a series  of  locations 
under  the  trajectory.  Time  series  can  be  obtained  by  using 
the  entry  point  TIDEl  in  subroutine  TIDE,  as  was  done  to 
generate  the  time  series  in  figure  3.  TIDE  must  be  called 
once  to  establish  the  harmonic  constants  at  the  desired  location, 
after  which  TIDEl  may  be  called  in  a D0  loop  to  generate  the 
time  series. 


Figure  5a.  Sea  surface  displace- 
ment at  0000  GMT  1 Mar.  1975. 
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Figure  5b,  Sea  surface  displace 
merit  at  0300  GMT  1 Mar.  1975. 


Figure  5c.  Sea  surface  displace 
merit  at  0600  GMT  1 Mar.  1975. 


Figure  5d.  Sea  surface  displace 
merit  at  0900  GMT  1 Mar.  1975. 


& 

4.  COMPUTER  SUBROUTINES  AND  FUNCTIONS 


Following  are  descriptions  of  the  subroutines  and  func- 
tions which  comprise  the  tide  model : 

SUBROUTINE  TIME  (YEAR,  MONTH,  DAY,  HOUR,  MINUTE,  SECOND,  T) 

Given  the  date  in  YEAR,  MONTH  (floating-point  variable)  , 
and  DAY  and  the  time  in  HOUR,  MINUTE  (floating-point  variable)  , 
and  SECOND  in  Greenwich  Mean  Time,  TIME  computes  the  time 
elapsed  in  hours  T since  0000  GMT  1 March  1975.  This  subroutine 
accounts  for  only  1 leap  year  1976  and  is  valid  only  for  the 
period  1 March  1972  - 29  February  1980. 

Example:  CALL  TIME  (1975.0,  3.0,  1.0,  0.0,  0.0,  0.000,  T) 

SUBROUTINE  TIDE  (THETA,  LAMBDA,  T,  HEIGHT) 

As  input  data,  the  user  provides  TIDE  with  the  latitude 
THETA  and  east  longitude  LAMBDA  (floating-point  variable  given 
as  a negative  quantity,  measured  westward  from  0°E) , both 
in  degrees,  and  the  elapsed-time  T in  hours  since  0000  GMT 
1 March  1975  as  obtained  from  TIME.  TIDE  then  returns  the  sea 
surface  displacement  from  the  time  mean  in  meters  at  that  loca- 
tion and  time. 

Example:  CALL  TIDE  (28.00,  -69.40,  T,  HEIGHT) 

ENTRY  TIDEl  (T,  HEIGHT) 

This  entry  point  in  TIDE  is  used  to  produce  time  series 
at  a given  location  whose  harmonic  constants  need  not  be 
recomputed  at  each  time  step.  TIDE  must  be  called  at  least 
once  to  establish  the  harmonic  constants  after  which  TIDEl  may 
be  used. 

Example:  CALL  TIDEl  (TO+FLOAT  (IT),  HEIGHT)  where  IT  is  the 

index  of  a D0  loop  and  TO  is  the  initial  start  time  of  the 
series . 

SUBROUTINE  C0NST  (H) 

C0NST  contains  the  harmonic  constants  at  the  reference 
stations  and  equilibrium-phase  information  relative  to  0000  GMT 
1 March  1975.  When  called  by  TIDE,  C0NST  returns  a complex 
array  H(I,J)  of  coefficients  that  is  used  in  subroutine  AMPL 
to  compute  the  harmonic  constants  at  a given  location.  C0NST 
need  be  called  only  once. 

Example:  CALL  C0NST  (H) 

SUBROUTINE  L0CATE  (THETA,  LAMBDA,  X,  Y) 

Using  the  latitude  THETA  in  degrees  and  the  east  longi- 
tude LAMBDA  (floating-point)  in  degrees,  L0CATE  returns  the 
zonal  and  meridonal  Mercator  coordinates  X and  Y,  respectively, 
where  the  origin  is  assumed  to  be  0°N,  0°E.  This  subroutine 
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neglects  the  earth's  eccentricity  in  the  computations  of  Y. 
r.xample:  CALL  L0CATE  (28.00  , -69.40  , X,  Y) 

SUBROUTINE  AMPL  (X,  Y,  H,  A,  Z) 

From  the  Mercator  coordinates  X and  Y,  obtained  from 
L0CATE,  r.d  the  coefficient  array  H,  obtained  from  C0NST, 

AMl’L  uses  a linear  interpolation  scheme  to  compute  the  amplitudes 
A and  phases  Z,  relative  to  0000  GMT  1 March  1975,  of  the 
eight  tidal  constituents  M2,  N2.  S2,  K2  , K^,  Oi  , P-i  , and  Q,  . 
Example;  CALL  AMPL  (X,  Y,  H,  A,  Z)  ^ 

SUBROUTINE  N0UL  (T,  I) 

Given  the  time  T,  N0UE  returns  an  array  E(I)  of  node 
factors  which  adjust  the  amplitudes  of  the  harmonic  constants 
for  their  8.7  and  19-yr  cycles. 

Example:  CALL  N0DE  (-2000. 0,F) 

FUXCTIQ.N  SUM  (F,  A,  Z,  T) 

Using  the  node  factors  F,  the  amplitudes  A and  pliases  Z 
of  the  eight  principal  tidal  constituents  and  the  time  T,  SU.M 
computes  the  sea  surface  displacements  caused  by  water  tides 
in  meters. 

L. cample;  llEICin  = SUM  (F,  A,  Z,  T) 
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7.  APPENDIX 


Listings  of  the  model's  FORTRAN  subroutines  are  given 
below: 
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ABSTRACT 

An  observational  and  numerical  study  of  the  circulation  in  the  Cayman  Sea  is  presented.  Data  taken  in 
three  different  years  suggest  a common  February  to  May  circulation  pattern.  .A  well-developed  current 
crosses  85\V  south  of  the  Cayman  Ridge.  An  anticyclonic  edd^-  in  the  central  basin  ajipears  to  be  a common 
feature  of  this  season’s  circulation.  Finally,  the  data  from  these  cruises  consistently  portray  significant  ac- 
celerations occurring  in  the  vicinity  of  Cozumel  Island  where  the  How  merges  with  the  Vucatan  Current.  .A 
different  pattern  is  inferred  from  data  collected  in  July  and  .August.  The  north  component  of  the  flow  over 
the  western  edge  of  the  Cayman  Ridge  appears  to  determine  the  tj-jre  of  flow  regime  observed. 

The  numerical  model  is  based  upon  predictive  equations  for  the  vorticities  in  a two-layer  ocean  on  a beta- 
plane,  and  include-  topographic,  advective  and  friction  effects.  The  model  is  driven  by  lateral  input  boundary 
conditions  derived  from  an  .April-May  1968  observational  study.  The  baroclinic  western  boundary  current 
of  the  numerical  model  develops  in  response  to  eastern  input  boundary-  conditions,  while  the  barotropic 
current  is  constrained  to  intensify  and  flow  along  the  continental  slopes. 


1.  Introduction 

The  western  Caribbean  Sea  basin  is  shown  schemati- 
cally in  I'ig.  1.  Historically,  this  area  also  has  been  called 
the  Cayman  Sea,  although  it  is  comprised  of  both  the 
Cayman  Basin  and  the  Yucatan  Basin.  In  the  present 
study,  the  term  Cay  man  Sea  will  be  used  to  denote  the 
western  Caribbean  Sea,  just  north  of  Honduras  and 
west  of  83\\  longitude. 

Cochrane  (1971)  has  discussed  the  .'^pril-^Iay  circula- 
tion of  the  Cayman  Sea  and  the  Yucatan  Strait.  The 
data  consistently  portray  a flow  regime  dominated  by 
an  anticyclonic  loop  in  the  cential  basin,  and  a strong 
Yucatan  Current  on  the  westeiii  boundary.  Cochrane 
considers  bottom  topography  to  be  an  important  factor 
in  determining  the  flow  pattern. 

The  Yucatan  Current  has  been  described  as  a western 
boundary  current  similar  in  dynamics  to  the  Gulf 
Stream  (Cochrane,  1969).  Saylor  (196,1),  applying  a 
variation  of  the  Charney-Morgan  inertial  model,  con- 
cluded that  the  conservation  of  potential  vorticity 
could  explain  the  formation  of  the  Yucatan  Current. 
However,  .Ahrens  (1965),  in  an  analysis  of  available 
hydrographic  data,  found  that  potential  vorticity  was 
not  conserved  along  the  Current  and  attributed  the 
gain  of  cyclonic  vorticity  to  frictional  eflects. 

.\  marked  association  between  the  highest  surface 
velocities  of  the  Yucatan  Current  and  a relatively 
constant  depth  has  been  noted  in  the  vicinity  of  the 
Yucatan  Channel  by  Cochrane  (1966).  Molinari  and 
ochrane  (1972J,  assuming  the  conservation  of  potential 
ifticity  and  using  observed  data  for  initial  conditions. 


calculated  paths  of  the  current  core  which  were  similar 
to  observed  paths  from  the  Yucatan  Strait  to  23°,10'N 
.At  2,1°,10'X  the  Current  separates  from  the  Campeche 
Bank  and  enters  the  Gulf  of  Mexico  Basin. 

The  present  investigation  is  an  attempt  to  study  the 
circulation  patterns  of  the  Cayman  Basin,  and  the 
dynamics  of  the  formation  of  the  Yucatan  Current.  In 
particular,  the  western  boundary  character  of  and  the 
effect  of  topography  upon  the  flow  are  considered. 
Observations  available  from  various  cruises  in  the  area 
are  analyzed  to  identify  important  features  of  the 
Cayman  Sea  current  pattern.  Finally,  a predictive 
numerical  model  of  the  circulation  is  used  in  an  attempt 
to  ascertain  the  important  dynamical  parameters 
affecting  the  flow. 

2.  Circulation  deduced  from  available  data 

In  order  to  specify  the  boundary  conditions  which 
will  be  required  in  the  two-layer  numerical  model,  and 
to  describe  the  observed  baroclinic  flow,  an  Equivalent 
Baroclinic  Height  (EBH)  parameter  is  introduced. 
The  EBH  is  derived,  as  illustrated  in  Fig.  2,  by  equating 
the  area  under  an  observed  <Ti-depth  curve  to  the  area 
under  an  equivalent  two-layer  it, -depth  curve.  The 
observed  (r.-depth  area  is  calculated  by  numerically 
integrating  from  the  surface  to  a level  of  small  density 
gradients  (<re  = 27.75).  The  EBH  is  then  obtained  by 
dividing  this  area  by  an  average  density  difference 
(A<r,  = 2.5Xl(l  ’).  Fofonoff  (1962)  qualitatively  defines 
the  baroclinic  flow  com|x)nent  in  an  analogous  manner. 
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The  observational  data  taken  during  the  spring  of 
1955,  1961  and  196S  all  suggest  a similar  circulation 
pattern.  March  1961  and  -Xpril-May  1968  KHH  data 
given  in  Figs.  5 and  4,  respectively,  show  the  dominant 
features  of  the  flow. 

During  both  years  the  major  portion  of  the  ilow 
through  the  Yucatan  Strait  crossed  85U'  as  an  intense 
coherent  current  south  of  the  Cayman  Ridge.  The 
current  had  a predominantly  westerly  drift  at  this 
longitude.  In  1968,  a closed  eddy  was  centered  at 
approximately  85°50'\V,  19°50'X  (Fig.  5).  The  1961 
data  do  not  permit  closure  of  the  contours  but  they  do 
indicate  a similar  circular  pattern  centered  to  the  east 
of  the  1968  feature  (Fig.  4).  During  both  years  the 
western  intensification  convergence  of  the  isoplelhs 
occurs  at  the  vicinity  of  and  north  of  Cozumel  Island. 

The  April-May  1953  and  I'ebruary  1961  data, 
although  sparse,  present  further  evidence  for  a common 
spring  circulation  pattern.  Since  neither  field  can  be 
contoured,  only  the  FiHH  values  and  the  direction  of 
the  EIIH  computed  velocity  are  given  for  the  February 


OBSERVED  TWO  LAYER 

tr,  - CURVE  cr,  - CURVE 


Fig.  2.  Schematic  diagram  illustrating  the  Equivalent 
BarocUoic  Height  (KHH)  parameter  II. 


1961  data  on  Fig.  3,  and  for  the  1933  data  on  Fig.  4. 
The  EHH  values  of  the  1935  field  closely  corresjxmd  to 
those  of  the  1968  field,  suggesting  a similar  inflow  south 
of  the  Cayman  Ridge  and  a similar  position  and  inten- 
sity for  the  eddy.  The  February  1961  data  depict  a 
corresponding  but  shallower  baroclinic  field  than  given 
by  the  late  March  1961  data. 

The  geostrophic  volume  transjxirt  per  unit  width  per 
unit  time  of  the  baroclinic  comjxment  is  defined  by  the 
relation 

r= -(//»- w),  (1) 

2/ 

where  g is  the  acceleration  of  gravity,  t the  relative 
density  anomaly  (2.5XKT’),  / the  Coriolis  parametei, 
//  the  value  of  EHH,  and  //o  the  value  of  FiBH  contour 
at  the  coast.al  boundary.  Longitudinal  sections  of 
transjxirt  are  given  in  Fig.  5 and  zonal  sections  in  Fig.  6. 

The  longitudinal  sections  of  Fig.  5a  are  very  similar 
in  that  between  20  and  30X 10*  m*  s“'  entered  the  basin 
south  of  the  Cayman  Ridge.  The  spike  in  the  .Ajiril-May 
1955  data  at  17°3()'  (Fig.  5a)  is  apparently  a function 
of  the  shallow  depth  at  the  station,  and  the  flow  regime 
it  suggests  is  questionable.  The  March  1956  data  shown 
in  Fig.  5b  represent  the  available  information  for  this 
period,  and  jiossess  the  same  property  of  intense  flow 
south  of  the  Cayman  Ridge.  Finally  the  March-April 
1961  and  May  1968  transjxirt  curves  of  Fig.  5c  are 
further  evidence  for  the  similarity  of  circulation  pat- 
terns during  these  periods. 

Zonal  cross  sections  of  geostrophic  transjxirt  for 
March-April  1961  and  for  May  1%8  (Fig.  6)  depict  the 
western  intensification  process.  The  distances  are 
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Fig,  3.  Conlours  ol  FDII,  in  moters,  dctcrmini'd  from  data  taken  in  March  1961. 
Also  shown  are  F.BH  values  and  directions  of  Reostrophic  flow  computed  from  data 
collected  in  Fehruarv  1961. 


calculated  from  the  Ila  contour.  In  both  Figs.  6a  and  6b 
the  northerly  flow  is  fully  developed  b\-  18°3()'\.  North 
of  18°30'N  the  increase  in  slope  of  the  transport  curves 
is  a measure  of  western  intensification,  both  years  have 
countercurrents  indicated  on  the  Cuban  side  of  the 
Yucatan  Strait. 

A dilTerent  circulation  pattern  can  be  inferred  from 
data  taken  in  August  1970  and  July  1971.  The  data 
were  expendable  bathythermograph  (XHT)  profiles 
and  thus  KIUI’s  could  not  be  computed.  Comparing 
the  equivalent  baroclinic  heights  with  the  corresponding 
r-3  curves  of  various  cruises  indicates  that,  throughout 
the  basin,  the  depth  of  the  11°C  isotherm  can  be  used 
as  a first  approximation  of  the  KHII, 

•A  map  of  the  .August  1970  11°C  isothermal  surface 
is  given  in  Fig,  7,  and  the  July  1971  surf.ace  in  Fig.  8. 
July  1971  drifting  buoy  trajectories  (Fig.  9)  presented 
by  Molinari  and  Starr  (1972)  suggest  surface  currents 
similar  to  those  indicated  by  the  temperature  distribu- 
tion of  Fig.  8. 

The  major  part  of  the  1970  current  entering  across 
the  8S°30'\V  meridian  is  at  a more  northerly  latitude 
thtin  either  the  1961  or  1968  currents  (Figs.  3 and  4). 
In  addition,  the  1970  flow  has  a more  northerly  com- 
I>onent  at  85°30'\V  th.an  indicated  by  the  1961  or  1968 
data,  both  the  .August  1970  and  July  1971  figures 


(Figs.  7 and  8)  suggest  a considerable  portion  of  the 
total  flow  through  the  Strait  has  joined  the  boundary 
current  at  more  northerly  latitudes  than  during  the 
Februarx’  to  .May  cases. 

3.  The  numerical  model 

a.  Model  formulation 

I’he  numerical  model  is  essentially  that  of  Wert  and 
Reid  (1972),  The  major  a.ssumptions  and  constraints 
of  their  formulation  are  that : 

1)  .A  two-layer  ocean,  each  layer  incom|)ressible  and 
with  uniform  density,  is  located  on  a beta-plane. 

2)  .An  influx  of  mass  through  an  ojten  boundarx' 
drives  the  upper  layer,  and  an  interlayer  stress 
drives  the  lower  layer. 

3)  All  other  driving  forces,  including  wind  and  tidal 
effects  arc  neglected. 

4)  Topography  is  allowed  only  in  the  lower  layer. 

Lateral  and  bottom  friction  as  well  as  adx’ection  of 
momentum  and  of  vorticity  are  allowed  in  the  system. 

In  the  following  expressions,  the  east  and  north 
directions  arc  rc])rescnted  by  the  .v  and  y axes  respec- 
tively Primed  terms  are  lower  layer  variables,  and  un- 
primed  terms  are  upper  layer  variables.  The  two- 
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Fig.  4.  Contours  of  EHH,  in  meters,  determined  from  data  taken  in  April-May 
iy6ti.  Also  shown  are  EHH  values  ami  directions  of  gcostrojihic  flow  computed  from 
data  collected  in  April-May  19,0. 


dimensional  fluid  velocity  is  re))resented  by  the  vector 
v = ui+fj.  The  Il’%  are  layer  thicknesses,  and  D the 
undisturbed  water  depth.  The  frictional  coeflicients  are 
lateral  friction  K,  interlayer  friction  a,  and  bottom 
friction  ct'.  With  these  symbols  and  the  above  assump- 
tions, the  vertically  integrated  equations  of  motion  and 
the  continuity  equations  can  be  written  as 

d\ 

—+{yV)y+JkXv+gV(t/+U'-D) 

dt 


d\' 

dl 


-f  (v' ■ V)  v'-f /k  X 

/V  — v'\  a'y' 

= J ) -t-AVV, 

V //'  / //' 


— )-t-AVW, 
H / 


(2) 


a// 

dl 

dn' 

dl 


-+v-(y7v)=o. 


(3) 
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Fio.  5.  Cicostrophic  barodinic  lransfK>rts  computed  from  Eq.  (1)  al  84\V,  and  85-86W.  Panel  (a)  also 

includes  the  smoothed  version  of  the  April  1968  curve  used  to  drive  the  numerical  models. 
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DISTANCE  FROM  Hq  (Km) 

(a)Ho=  425  (b)Ho=  375  (c)Hq=375 

Fig,  6.  Geostrophic  baroclinic  transports  computed  from  E<i.  (1)  for  March  1961,  April-May 
1968  and  for  the  numerical  model.  The  thicker  lines  of  panel  (c)  were  computed  from  the  results 
of  the  non-topographic  model,  and  the  thinner  lines  from  the  topographic  model. 


A vorticity  equation  for  each  layer  is  formed  from  these 
equations.  Prediction  equations  for  II  and  //'  are  ob- 
tained from  the  vorticity  equation  by  making  the 
geostrophic  approximation  in  each  layer.  The  geo- 
strophic constraint  eliminates  internal  gravity  waves. 
Moreover,  the  use  of  a rigid-lid  condition  on  the  sea 
surface  (ll+H'  — D,  independent  of  t)  eliminates  surface 
gravity  waves. 

The  prediction  equations  for  the  baroclinic  and 
barotropic  modes,  with 

(6) 

P 


p' 


are  respectively 

dH  r i'+n  r 

L //'  J g dil  II  II'  J 

= -[  A'VHf-n  )+^l 

eL  \ll  II'/  II' J 


and 

dB 


dB  r //s-'+Ad/y 

V3-- f//7  B, — -f- — y~ 
at  L II'  J g\  II  / at 


V r-f'  A'  ,1  , , 

= _ -f  Avr  . (9) 

gL  II'  II'  J 


gL  II'  II’ 

The  relative  vortices  are  given  by 


gt 


(10) 


and 


r = -V=/T  (11) 

/ 

The  Jacobians  are  used  in  the  form 


for  reasons  discussed  below. 

The  finite-difference  analogues  of  Eqs.  (8)  and  (9) 
were  taken  as  those  given  by  Wert  and  Reid  (1972). 
In  summary,  centered  difference  forms  are  used  for  the 
time  and  space  derivatives.  The  nonlinear  instabilities 
caused  by  the  advective  terms  are  suppressed  by  the 
use  of  the  form  of  the  Jacobian  given  in  Eq.  (12) 
(.Arakawa,  1966).  The  DuFort-Frankel  scheme  (Smith, 
1965)  was  used  to  represent  the  lateral  diffusion  of 
vorticity  because  of  its  stable  properties. 


b.  Boundary  corulitions 

The  basin  used  in  the  numerical  model  is  shown 
schematically  in  Fig.  10.  The  model  basin  is  rectangular 
with  an  east-west  dimension  of  500  km,  and  a north- 
south  dimension  of  600  km.  The  Yucatan  Strait  is 
modelled  as  180  km  wide. 

Fig.  10  also  gives  the  bottom  tojxigraiihy  of  the  model 
basin.  The  Cayman  Ridge  and  its  associated  Hanks  are 
not  modelled.  To  insure  that  the  bottom  topography  is 
confined  to  the  lower  layer,  the  shallowest  depth  is 
7(K)  m.  The  continental  slopes  closely  approximate 
those  found  in  the  Cayman  Basin,  and  a Yucatan 
Channel  sill  depth  of  18(K)  m in  the  model  approximates 
the  actual  sill  depth.  In  the  lower  left  hand  comer  of 
Fig.  10  is  given  a portion  of  the  space  grid;  the  space 
increment  Ax  = Ay  = As=t0  km. 

Mass  inflow  and  outflow  are  allowed  through  the 
eastern  boundary  and  the  Yucatan  Strait.  Solid  im- 
permeable boundaries  in  the  model  basin  exist  along 
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Kio.  7.  The  distribution  of  the  depth,  in  meters,  of  the  II  °C  isotherm  for  .XuRust  1970. 


the  southern  and  western  boundaries,  and  along  that 
portion  of  the  northern  boundary  to  the  east  of  the 
Yucatan  Channel. 

,\  schematic  grid,  shown  in  Fig.  11,  will  be  used  to 
demonstrate  the  boundary  conditions  applied  to  the 
various  models.  I'he  inclusion  of  lateral  friction  retjuires 
two  boundary  conditions  on  all  boundaries.  To  satisfy 
these  conditions  a fictitious  boundary  one  space  incre- 
ment beyond  the  perimeter  (the  dots  in  I'ig,  11)  is 
introduced. 

Two  tvfies  of  eastern  boundary  conditions  are  used 
to  drive  the  interior  baroclinic  flow.  In  the  first  model 
this  flow  component  is  assumed  normal  to  the  open 
boundaries.  If  jc=iAi  and  y = jAs  on  the  numerical 
grid,  then  this  boundary  condition  is  given  on  the 
schematic  grid  as 

//(7,;)  = //(5,j). 

Furthermore  the  values  of  //(6,j)  are  given  as  an  initial 
condition  and  held  constant  throughout  the  time  inte- 
gration. The  following  conditions  are  applied  along  the 
solid  walls  to  s.itisfy  the  no-slip  condition: 

//(i,2)  = //(2,;) 

//(i,l)  = //(M) 

//(!,;)  = // (5,;) 

//(6,ll)  = //(5,ll)?^//(i,2) 

//(i,12)  = //(i,10). 


Prediction  of  //(2,1F)  and  //(5,I1I  at  the  Wicatan 
Strait  requires  the  determination  of  f(2,12'  and  {■(5,12). 
The  method  of  Wert  and  Reid  is  followed  in  that  f is 
determined  from  upstream  conditions.  For  currents 
llowing  out  of  the  basin,  f is  determined  by  advecting 
potential  vorticity;  and  for  currents  flowing  into  the 
basin,  {"  is  arbitrarily  set  outside  the  grid  (Wert  and 
Reid,  1972,  p.  18.C, 

•\  second  model  considers  non-normal  ilow  at  the 
eastern  forcing  boundary.  .Again,  //((),;'  is  both 
siiecified  and  constant  with  time.  The  assumption  of 
non-normal  Ilow  re<)uires  that 

// ( 7,7)  = II (.5,7 ) -a (6,7  I [ II (0,  7-f  1 ) _ //  ( (,,  7 _ 1 ) ], 
where 


0(6,7')= 


rKM' 

1-»(6,7)- 


is  given  at  f = 0 and  indeiiendent  of  time.  Fhe  conditions 
along  the  solid  boundaries  and  at  the  A'ucalan  Strait 
are  identical  to  those  of  the  proceeding  model. 

The  barotro])ic  flow  parameter  li  is  a iiredicted 
variable  at  both  the  eastern  and  Yucatan  Channel 
olienings.  This  comjionenl  is  constrained  to  flow  normal 
to  the  Olienings  by  the  a[iplication  of  the  conditions 
used  in  determining  II  at  these  grid  points.  The  solid 
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Fig.  S.  The  ilisirihution  of  the  depth,  in  meters,  of  the  ll®('  isotherm  for  July  1Q71. 


hoiiruhiry  constraints  are 

/Hi,2)  = /i(2  J)  = /'(S,o  1 = /i((),i  n =0, 

c.  Sumcrical  procedure 

The  following  procedure  of  Wert  and  Keid  can  be 
applied  to  the  numerical  eiiualions  to  obtain  interior 
values  of  II  and  II,  if  II  and  « are  specified  at  the 
eastern  forciiiK  boundary.  .\t  the  initial  time  step  the 
upper  layer  flow  is  assumed  to  be  irrotational  and 
^eostrophic,  and  the  lower  layer  at  rest.  The  relaxation 


of  V7/  ]irovides  the  upjier  layer  thickness  at  / = t),  and 
and  a one-stej)  Killer  forward  time  integration  of  the 
equations  (lives  the  II  field  at  the  second  time  step. 

I'he  numerical  analogue  to  (81  is  then  solved  by  a 
(iauss  Siedel  over-relaxation  scheme  (Smith,  1%5)  to 
obtain  succe.ssive  values  of  II.  The  lower  layer  is  kept 
at  rest  durin);  these  iterations  by  specifying  11  = 0.  The 
elTects  of  initial  transients  are  reduced  by  this  technique 
(Wert  and  Reid,  1972). 

riie  baroclinic  calculations  were  continued  until  the 
changes  in  up|H'r  layer  thicknesses  were  no  longer 
significant.  .\t  that  time  the  barotropic  (low  was 
initiated  with  the  introduction  of  the  numerical 
analogue  to  (9).  The  same  (irocedure  used  to  obtain 
uiijier  layer  thickness  w;us  followed  successively  to 
solve  (8)  for  values  of  II. 
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Kic.  9.  Appruximati,'  drifting  Iruuy  lra(klincs  olitainnl  in  July  amf  August  1971. 
Also  givun  art'  thu  vxloutics  of  thf  surface  ilriftcrs. 


90"  85*  80" 


Fig,  10.  The  numerical  model  basin  and  its  associated  bottom 
to|K)graphy,  depth  in  meters,  superimposed  on  .a  chart  of  the 
Cayman  Sea.  .\  )>ortinn  of  the  numerical  griil,  with  a 10  km 
spatial  interval,  is  given  in  the  lower  left-hand  comer  of  the  model 
basin. 


4.  Application  of  the  numerical  model 

I'lif  results  of  several  applictitions  of  the  numerical 
model  are  presented.  Two  of  the  numerical  integrations 
consider  only  ilow  in  the  ujiper  layer,  while  a third  case 
allows  Ilow  in  hoth  layers.  .\  complete  parametric  studv 
involving  the  frictional  coetheients  was  not  conducted. 
However,  one  test  was  made  to  .assess  the  effect  of 
lateral  friction  on  a steady  ilow  regime.  The  results  of 
this  model  are  presented  in  the  following  discussion. 

a.  Comparison  oj  frictional  ami  frictionless  model  results 

Tig,  12  gives  the  ui>per  layer  thicknesses  determined 
from  the  frictionless  inertial  model  of  Saylor  (dashed 
lines'!  and  the  present  inertial  frictional  model  (solid 
lines).  In  hoth  eases  the  depth  of  the  1()°C  isotherm 
along  during  March  1958  was  used  to  specify 

the  geostrophic  ma.ss  influx  at  the  eastern  boundary. 
.Also,  the  tlow  is  normal  to  the  eastern  boundary  in  both 
incidents. 

The  inertial-frictional  model  w.as  spun  up  to  nearly 
steady  state  in  WH)  time  steps  (A/  = 2 h)  using  a lateral 
frictional  cocilieient  of  51K)  m’  s~'.  The  lower  layer  was 
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Fig.  11.  .-\  reduced  version  of  the  numerical  grid  used  in  the 
e.rplanation  of  the  boundarv'  conditions. 


kept  at  rest  in  this  test.  It  should  he  noted  that  in  the 
inertial  model  //  can  vary  along  the  western  solid 
boundary,  but  is  a constant  in  the  frictional  case. 

\'iscous  spreading  of  the  boundary  current  at  lower 
latitudes  is  evident  in  Tig.  12.  This  feature  is  character- 
istic of  inertial-friction  models  [as  noted  first  by  Munk 
(1950)]  in  which  the  elTect  of  friction  is  to  retard  the 
formation  of  the  boundary  current.  .Also,  the  inertial- 
frictional  boundary  current  is  less  intense  and  has  a 
more  easterly  core  location  than  the  purely  inertial 
current. 


Fig.  12.  Steady-state  results  from  the  present  inertial-frictional 
model  (solid  lines)  after  a 1200  h numerical  integration  and  the 
rictionless-incrtial  model  of  Saylor  (dashed  lines). 
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H (Meters) 

Fig.  13.  The  upper  layer  height  (II),  in  meters,  for  the  case  of 
normal  flow  at  the  eastern  input  boundary,  at  ( = 0 h (left  panel), 
and  /=  1200  h (right  panel). 


b.  Haroclinic  tlmv  regime  specifying  normal  flow  at  the 
eastern  boundary 

The  mass  influx  required  to  drive  the  normal  flow 
model  is  taken  as  a smoothed  version  of  the  equivalent 
haroclinic  transport  curve  at  84\V  obtained  during 
April-May  1968  (Fig.  5a).  .As  the  data  along  84\V  do 
not  extend  to  the  Cuban  coast,  the  values  of  the  EBH 
at  the  western  tip  of  Cuba  are  used  to  complete  this 
section.  The  Laplacian  flow  pattern  obtained  from  this 
influx  is  given  in  the  left  panel  of  Fig.  13.  The  only 
intensification  in  the  flow  is  at  the  Yucatan  Strait, 
where  this  constriction  causes  increased  outward 
velocities  at  both  sides. 

Using  ihe  Laplacian  field  of  F'ig.  13  as  the  initial  field 
of  flow,  the  model  was  allowed  to  run  for  1200  h (600 
iterations)  while  the  lower  layer  remained  at  rest.  The 
time  step  and  frictional  coefficient  were  identical  to 
the  previous  example.  The  6(K)th  iteration  (1200  h) 
upper  layer  height  field  is  given  in  the  right  panel 
of  Fig.  l.V 

The  baroclinic  spin-up  process  was  essentially  com- 
plete after  6(X)  h with  small,  non-systematic  changes 
occurring  throughout  the  next  (8)0  h.  The  convergence 
of  the  //  lines  as  they  approach  the  Yucatan  Channel 
represents  the  western  boundary  intensification  process. 
The  maximum  velocity  of  the  flow  has  increased  from 
0.6  m s~‘  at  the  eastern  boundary  to  0.8  m s"'  at  the 
Yucatan  Strait.  Fig.  14  shows  a plot  of  the  north  com- 
ponent of  velocity  at  various  latitudes,  and  indicates 
that  the  major  accelerations  have  occurred  by  450  km. 

Fig.  15  gives  the  relative  vorticity  at  two  latitudes, 
and  at  the  eastern  opening.  The  maximum  relative 
vorticity  at  the  e.astern  opening  is  approximately  onc- 
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Fig.  14.  Cross-stream  geostrophic  velocity  profiles  at  the 
^ ucatan  Strait  determined  from  observation  (left  panel)  and 
numerical  model  (right  panel). 

quarter  of  the  mean  planetary  vorticity.  However,  as 
the  flow  turns  north  ami  accelerates  along  the  western 
boundary  the  cyclonic  vorticity  increases  dramatically. 

.As  the  northward  flowing  current  accelerates,  the 
area  under  the  relative  vorticity  curve  increases. 
Cyclonic  vorticity  is  being  dilTused  into  the  current  as 
a result  of  frictional  boundary  elTects.  Thus,  the  cyclonic 
vorticity  flank  of  the  boundary  current  can  be  con- 
sidered to  represent  the  frictional  boundary  layer.  .At 
the  Yucatan  Strait,  the  frictional  boundary  layer  is 
only  30  km  wide. 

The  intense  northerly  flow  which  was  present  at  the 
Western  tip  of  Cuba  in  the  Laplacian  field  at  / = 0 has 
vanished,  and  been  replaced  by  a countercurrent.  The 
southerly  flow  appears  in  response  to  the  eastward  flow 
at  the  forcing  boundary.  In  the  extreme  southern  basin, 
a closed  cvclonic  g\  re  has  developed. 

c.  Harotrapic  flow  regime  specifying  normal  flow  al  the 
eastern  boundary 

.At  the  6fX)th  iteration,  two  barotropic  models  were 
initiated,  one  with  bottom  topography  in  the  lowxr 
layer  and  one  without.  In  both  cases  the  interlayer 
stress  coeflicient  a was  taken  as  1 X 10“^  cm  s~'  and  the 
bottom  stress  coeflicient  o'  as  .SOXUH  cm  s“'.  The 
barotropic  flow  components  of  both  models  at  18(K) 
and  24(H)  h are  given  in  Fig.  16.  .Although  neither  model 
attained  a steady  state,  it  was  necessary  to  limit  both 
time  integrations  to  6(H)  additional  2 h steps. 

The  effect  of  topographv  on  the  barotropic  regime  is 
to  confine  and  intensify  the  flow  along  the  isobaths. 
While  the  core  of  the  non-topographic  barotropic 
current  coincides  with  the  core  of  the  forcing  upper  layer 
flow,  the  core  of  the  topographic  current  is  along  the 
continental  slope.  Because  of  the  shallow  sill  depth  at 
the  A’ucatan  Channel,  much  of  the  barotro|)ic  regime  is 
forced  to  the  east  instead  of  flowing  out  of  the  basin  to 
the  north. 


During  these  12(H)  h,  the  changes  occurring  in  the 
upper  layer  thicknesses  of  both  the  cases  are  small. 
The  more  intense  and  systematic  changes  occur  in  the 
topographic  model  along  the  core  of  the  barotrojiic  flow. 
However,  the  maximum  changes  are  of  the  order  of 
meters,  which  do  not  significantly  affect  the  velocity 
distributions. 

</.  Haroclinic  flow  regime  specifying  non^normal  i!ow  at 
the  eastern  boundary 

To  determine  the  effect  of  varying  the  boundarv 
conditions  the  numerical  model  was  rerun  with  the 
model  inflow  angles  apiiroximating  the  inflow  angles 
observed  during  April-May  1968.  Fig.  17  gives  the 
upper  layer  height  field  at  1 = 500  h (U  panel)  and  at 
(=1(HH)  h (right  panel).  No  significant  upper  layer 
height  changes  occurred  after  KHK)  h. 

■At  I = 5(H)  h the  numerical  field  closely  approximates 
the  observed  field  as  given  in  Fig.  4.  .As  the  time  inte- 
gration continues  the  circulation  about  the  closed  eddy 
in  the  interior  of  the  basin  becomes  less  intense. 

5.  Discussion 

The  dynamical  processes  active  in  the  basin  can  be 
inferred  from  a comparison  of  the  numerical  and 
observational  circulation  regimes.  For  instance,  the 
haroclinic  western  intensification  of  the  model  and 
observed  flows  appears  similar.  The  largest  acceleration 
occurs  close  to  the  Yucatan  Strait  in  both  cases,  an 


ioo  «X3  ix> 
X - distance  (km) 


too  goo  300 
X-  dislance(km) 


(00  200  300  *00  500  600 
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Fig.  l.S.  Tile  upper  layer  relative  vorticity  at  /=  1200  li,  for  t)ie 
upper  panel,  latitude  y = WI0  km  (\  ucatan  Strait);  middle  panel, 
latitude  v“450  km;  and  lower  panel,  longitude  x=.^00  km 
(eastern  input  Imundary). 
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observational  feature  previously  noted  by  Cochrane 
(1971).  The  model  baroclinic  velocity  jirofile  at  the 
Strait  approximates  the  observed  profile  both  in  the 
speed  and  position  of  the  current  axis  (big.  14). 

This  similarity  of  velocity  profiles  suggests  that  the 
frictional  boundary  lat  er  in  the  actual  basin  is  also  verv 
narrow.  The  observed  velocity  curves  of  I'ig.  14  indi- 
cate that  the  cyclonic  flank  of  the  current  is  very  close 
to  the  coastline.  Molinari  and  Starr  (1972)  indicate 
that  the  relative  speeds  of  their  surface  drifters  (hig.  9) 
in  the  vicinity  of  the  Strait  also  suggest  a narrow 
cyclonic  boundary  layer. 


Topographic  Cose 

BxlO’  imelers'  B x lO’ (mjlersl 

t^ieOOhrs.  t = 2400hrs. 

Fio.  16.  The  Iiani1rf>pic  hrifitU  (/t),  in  nirtrrs.  for  ihi-  ioj)0- 
trraphic  case  tlmvor  panels)  anil  non  topographic  lasc  (upper 
panels),  at  the  time  steps  / ISIKI  h (left  panels),  anil  t - 24fK)  h 
(right  panels). 


Fig.  I7.  The  upper  layer  height  (//),  in  meters,  for  the  case  of 
non-normal  flow  at  the  eastern  input  fioundary,  at  ( = 500  h 
(left  panel),  and  / = 1(K)0  h (right  panel). 

The  ui)]KT  layer  changes  noted  after  the  initiation  of 
the  lower  layer  motion  do  not  significantly  affect  the 
western  boundary  current,  suggesting  that  topography 
is  not  an  imitortanl  factor  in  the  baroclinic  intensifica- 
tion. The  beta-effect  and  advection  as  indicated  in  the 
rharney-.'l/org.in  inertia)  theories  arc  sufficient  to 
account  for  the  baroclinic  accelerations. 

In  contrast,  the  model  barotropic  component  is  very 
dependent  on  tojiographic  inlluences.  Once  initiated, 
barotro])ic  intensification  does  not  occur  in  the  vicinity 
of  the  Strait  but  rather  along  the  continental  slopes  of 
the  boundaries.  This  suggests  that  toixtgraphy  rather 
than  the  beta-effect  is  the  prime  mechanism  responsible 
for  the  barotropic  botmdary  current.  The  observed 
to|)ogra])hic  trapping  of  the  current  (Cochrane,  1966; 
Molinari  and  Cochrane,  1972)  and  the  model  trapiting 
of  the  barotroltic  mode  of  the  flow  suggest  that, 
particularly  at  shtdlow  depths,  the  barotropic  com- 
ponent can  contribute  significantly  to  the  current. 
However,  the  magnitude  of  this  barotropic  component 
is  sensitive  to  changes  of  a or  a'. 

The  inlltience  of  Ctiba  on  the  intensification  process 
can  be  obtained  from  consideration  of  the  flow  through 
the  .''trait,  lioth  the  model  and  the  observed  data  have 
countercurrents  jtresent  at  the  western  tip  of  Cuba. 
This  se|>aration  of  the  main  northerly  flow  and  the 
island  suggests  (hat  the  western  intensification  of  the 
^'tlcatan  Current  is  dynamically  inde])endent  of  Cuba. 

Wert  and  Reid  varied  the  injtut  at  the  Yucatan  Strait 
seasonally  to  obtain  a one-year  prediction  of  the  circula- 
tion in  the  (iulf  of  Mexico.  The  lack  of  sufficient  data 
to  retdistically  specift  an  annual  \ariation  of  mass 
inlltix  at  H4W  i>reeltides  the  pos.sibility  of  conducting 
a similar  study  for  the  Cayman  Sea  at  the  present  time. 
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An  indication  of  the  variations  occurring  in  the 
Cayman  Sea  circulation  can  be  discerned  from  the  data 
analysis.  The  July-August  circulation  is  characterized 
by  a more  northerly  development  of  the  boundary 
current  than  occurs  in  the  spring.  This  can  result  in  a 
cyclonic  flow  pattern  in  the  southern  basin  in  July 
(Fig.  8). 

The  differences  in  the  flow  patterns  appear  to  be  a 
function  of  the  northern  component  of  the  flow  as  it 
crosses  the  western  Ca>man  Ridge.  .As  mentioned 
previously  the  summer  pattern  exhibits  a more 
northerly  flow  at  85W  than  is  found  in  the  spring.  Since 
the  angle  of  the  flow  across  the  Ridge  is  determined  by- 
conditions  upstream,  the  cause  of  the  variability  cannot 
be  ascertained  from  the  data  considered  in  this  paper. 

However,  the  data  presented  are  consistent  with 
other  studies  of  the  variability  of  the  circulation  pattern 
in  this  region.  Perlroth  (1968)  conducted  a comj)ilation 
of  bathythermographs  taken  in  the  Caribbean  Sea  in 
which  he  catalogued  the  records  for  two  2-month 
seasons.  His  winter  results  indicate  less  of  a northerly 
component  at  85\V  than  do  his  summer  results. 
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ABSTRACT 

Observations  of  the  motions  of  drifter  clusters  were  made  in  the  western  Caribbean  Sea  during  the  suntmer 
of  1971.  By  two  independent  analyses  of  the  relative  motions  of  a cluster,  two  time  series  of  horizontal 
divergence,  vorticity,  shear  deformation  rate,  and  normal  deformation  rate  are  developed.  The  results  of 
the  two  approaches  are  very  similar.  The  time  series  for  these  differential  kinematic  properties  are  fairly 
smooth  when  the  drifters  were  moving  in  the  Yucatan  Current.  Otherwise,  the  time  series  are  ragged  with 
frequent  changes  in  sign.  It  is  speculated  that  the  raggedness  is  due  to  small  values  of  the  shear  rates  relative 
to  random  observational  errors  or  small-scale  turbulent  processes.  The  records  of  the  differential  kinematic 
properties  are  used  to  evaluate  the  stretching  and  material  derivative  terms  of  the  vorticity  eejuation. 
Calculations  indicate  that  potential  vorticity  is  conservcil  along  trajectories  in  the  5’ucatan  Current. 


1.  Introduction 

The  clilTerential  kinematic  properties  (l)KI‘)  of  (itiicl 
flow,  divergence,  vorticity,  shearing  deformation  rate, 
and  stretching  deformation  rate  arc  import.int  elements 
in  describing  ocean  current  kinematics  and  dynamics. 
Divergence,  for  e.xample,  is  a diagnostic  of  vertical 
motion.  Vorticity  can  be  related  to  external  excitation 
functions  of  circulation  such  as  wind  stress  and  Irottom 
topography.  The  deformations  are  important  in  the 
evolution  of  oceanic  frontal  zones.  In  brief,  the  DRI’ 
are  important  in  describing  mesoscale  processes.  Rirwan 
(1975)  has  given  physical  interpretations  of  these  quan- 
tities and  discussed  their  significance  in  oceanograiihy. 

Measurements  of  DRI’  are  well  established  in  mete- 
orology (see  I’ettersen,  195.1),  but  few  observations  of 
these  terms  have  been  made  for  the  ocean.  Tsually, 
oceanographers  have  used  Lagrangian  observations 
either  to  obtain  trajectory  and  velocity  data  for  the 
large-scale  currents  or  information  on  the  small-scale 
turbulent  characteristics  of  local  regions.  However, 
Reed  (1971)  has  conrfnited  horizontal  divergence  and 
relative  vorticity  in  the  .Alaskan  Stream  from  drifter 
data,  and  Chew  and  Uerberian  (1971)  and  ('hew  (1974) 
have  used  similar  data  to  compute  values  of  some  of  the 
DRI’  in  the  Florida  Current. 

Lagrangian  measurements  are  planned  in  the  near 
future  as  components  of  many  large-scale  studies.  The 
most  obvious  use  of  such  data  would  be  to  map  large- 
scale  circulation  features.  However,  it  may  also  be  pos- 


sible by  analysis  of  the  differential  motions  in  drifter 
clusters  to  calculate  the  DRI’.  The  emphasis  of  this 
paper  is  on  an  investigation  of  the  capabilities  and 
limitations  of  two  techniques  for  comimting  DRP  from 
obserx'ations  of  the  differential  motions  of  drifter 
clusters.  Consequently,  the  discussion  of  the  results  is 
limited  to  a brief  summary  of  the  kinematics  of  the 
re^on  from  which  the  data  were  obtained.  Reports 

1. ^ing  prepared  for  publication  will  focus  on  the  dynamic 
interjiretation  of  these  drifter  data  and  concurrent  hy- 
drographic data. 

2.  Experimental  and  data  reduction  procedures 

The  Lagrangian  observations  used  here  were  ob- 
tained during  an  experiment  conducted  in  the  western 
Caribbean  Sea  in  the  summer  of  1971.  .A  typical  drifter 
used  in  this  studv  was  composed  of  a small  surface 
buoy  su])iM)rling  a radar  transponder.  The  buoy,  most 
of  which  was  submerged,  was  sauccr-sha{>ed,  1.8.1  m in 
diameter  and  0.91  m thick.  The  radar  transponder  was 
on  a pole  1,8,1  m long  and  20..12  cm  in  diameter.  Each 
buoy  was  drogued  at  40  m by  a 10.67  m parachute. 
The  data  collection  tcchni()ue  is  summarized  by 
Molinari  (197.1). 

.A  satellite  navigation  system  was  used  as  the  primary 
control  for  positioning  the  vessel.  This  system  jirovided 
on  the  average  a fix  every  1.5  h.  Omega  fixes  and  buoy 
positions  relative  to  the  ship  were  obtained  at  15  min 
intervals.  Errors  in  buoy  position  are  introduced  by 
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spurious  satellite  and  radar  fixes,  as  well  as  by  the 
imprecision  of  the  two  systems. 

Edited  satellite  fixes  (Molinari,  l‘)7d)  were  used  to 
calibrate  the  Omega  fixes.  Simultaneous  satellite  and 
Omega  ship  jMsitions,  a total  of  234  values,  were  com- 
pared, and  the  Omega  values  were  on  the  average  1.4 
(±1.4)  km  to  the  east  and  0.8  (±1.8)  km  to  the  south 
of  the  satellite  values.  These  values  were  added  to  all 
the  Omega  coordinates  to  obtain  the  accepted  po.sitions. 

The  standard  deviations  of  buoy  positions  include 
errors  introduced  by  both  the  satellite  and  Omega 
systems;  however,  the  largest  errors  probably  are 
introduced  by  Omega.  Taking  Omega  fixes  as  accurate 
to  within  ±1.5  km  radius  and  a typical  X'elocity  as 
0.75  m s“‘,  it  is  seen  that  the  error  in  position  measure- 
ment mav  be  greater  than  the  displacement  between 
the  15  min  fixes.  In  fact,  it  could  take  perhaps  an  hour 
for  a drifter  to  move  outside  its  initial  position  error 
circle. 

because  of  the  large  uncertainty  in  the  15  min  posi- 
tions, we  did  not  feel  the  data  contained  any  reliable 
information  on  motions  whose  time  and  s])ace  scales 
were  less  than  2 h and  2 km  respectively.  Preliminary 
analysis  indicated  that  even  for  periods  greater  than 
6 h,  the  position  data  were  dominated  by  random 
effects. 

The  randomness  was  surpres.sed  by  the  following 
procedure.  First,  five  consecutive  15  min  fixes  were 
averaged  to  produce  smooth  hourly  jiositions.  .4  running 
second-degree  polynomial  was  then  fitted  to  13  con- 
secutive hourly  positions.  Evaluation  of  the  polynomial 
at  its  midpoint  yielded  the  jxjsitions  used  in  the  analy- 
sis. .As  the  lag  on  the  running  average  was  2 h,  this  pro- 
cedure produced  positions  every  2 h for  each  leg.  Drifter 
velocities  were  determined  by  both  centered  finite  dif- 
ferences and  spline  functions  with  nearly  the  same 
results.  The  running  polynomial  and  the  centered  dif- 
ferences constitute  a low-pass  filter  which  surj)resses 
energy  at  periods  less  than  12  h with  essentially  no 
phase  shift. 

Kirwan  el  al.  (1975)  have  investigated  the  effects  of 
wind  and  current  on  surface  drifters.  Tsing  their  analy- 
sis for  the  drifter  configuration  used  in  this  cxjjeriment, 
it  was  found  that  a 10  m s”‘  wind,  the  highest  observe<i, 
could  cause  a 5%  error  in  the  estimate  of  the  true 
current,  assuming  no  vertical  shear  between  the  surface 
and  40  m.  The  wind  effect  was  not  considered  in  re- 
ducing the  data  from  this  experiment. 

3.  Calculation  of  differential  kinematic  properties 

There  are  a number  of  techniques  discussed  in  ele- 
mentary dynamic  meteorology  texts  for  evaluating  di- 
vergence and  vorticity.  Many  of  these  approaches 
utilize  synojjtic  charts,  a i)roduct  not  readily  available 
in  oceanography.  Mere,  two  aiiproaches  are  compared 
which  require  only  observations  from  clusters  of  three 
or  more  drifters. 


a.  Method  I:  I-east  squares 

Consider  a test  ocean  region  of  small  but  finite  size 
wherein  the  velocity  at  any  point  is  adequately  repre- 
sented by  the  linear  terms  in  a Taylor’s  expansion 
about  the  center  of  mass  of  the  parcel.  For  a cluster 
of  n drifters  located  within  the  parcel,  the  expansion 
yields  for  the  I'th  drifter: 

f'.=f+«.+[(D+-V).v.i/2+[(5-r)r.]/2^ 

F,=  F±/;,±C(5±r)-V.]/2±[(/?-.V)r.]/2l  ’ 

'■=1 ».  (1) 

The  r and  F are  the  components  of  the  velocity  of  the 
center  of  mass  of  the  parcel ; the  coordinates  with  re- 
spect to  the  cluster  center  of  mass  of  drifter  i are  .V, 
and  T, ; and  g,  and  /i,  represent  the  sum  of  the  higher 
order  nonlinear  terms  in  the  expansion.  From  the  ex- 
perimental standpoint,  these  terms  would  include  mea- 
surement errors  and,  perhaps,  random  turbulent  mo- 
tion. .Also,  in  these  equations,  we  have  written  the 
velocity  gradients  across  the  parcel  in  terms  of  the 
elementarx'  kinematic  modes; 


Z2=dr/a.\'-i-di7a)' 
s'-=di7d.v-f)r,'ar 
.s-=di7d.\'+df7dr 
.v=df7d.v-aF  ar 


(divergence) 

(vorticity) 

(shearing  deformation  rate) 
(stretching  deformation  rate) 


The  horizontal  divergence  I)  is  a measure  of  the  parcel 
area  change  without  change  of  orientation  or  shape. 
The  vorticity  is  f and  is  a measure  of  the  orientation 
change  without  area  or  shape  change  of  the  parcel. 
Shape  changes  without  change  of  area  or  orientation 
are  given  by  S and  .V  respectively.  The  former  is  for 
the  shape  change  produced  by  differential  motions  of 
the  boundaries  parallel  to  the  boundary,  while  the 
latter  is  for  motions  normal  to  the  boundaries. 

R.  O.  Reid  ())ersonal  communication)  has  provided 
us  with  a physical  interpretation  of  the  mode!  equa- 
tions. .An  individual  drifter’s  velocity  is  given  by  the 
mean  translatory  %'elocity  of  the  parcel,  plus  a velocitv 
induced  by  the  rotation,  divergence,  and  distortion  of 
the  parcel,  plus  a random  or  turbulent  velocity.  The 
mean  parcel  velocity  is  attributed  to  large-scale  ('■ela- 
tive  to  cluster  size)  motions,  the  induced  velocity  to 
cluster-scale  motions,  and  the  random  component  to  the 
small-scale  turlxulcnt  field.  The  scale  of  these  latter  mo- 
tions is  less  than  that  of  the  cluster.  Okubo  and  Ebbes- 
meyer  (1975)  have  also  suggested  this  interpretation. 

rile  basic  ob.servation  in  a drifter  study  is  the  |X)si- 
tion  x'ector  for  each  float  for  a series  of  times.  This 
position  vector  will  generally  t)c  referred  to  a fixed 
geographic  origin.  For  simplicity,  it  will  be  assumed 
here  that  the  drifters  are  all  at  the  same  depth.  In 
practice  this  may  not  be  the  case,  and  unless  vertical 
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Fig.  1.  DiaRrani  of  the  drifter  trajectories,  includiiiR  speeds  for  le(?s  1 through  4.  The  four  legs  were  occupied  in  chrono- 
logical order.  The  times  are  in  Julian  Day  Hour.  The  intervals  (.4,  B1  and  (C,  D)  refer  to  the  part  of  trajectory  over  which 
potential  vorticity  was  conserved  {See  Fig.  9). 


shear  is  accounted  for,  serious  biasing  of  the  data  will 
occur. 

The  series  of  coni|X)nents  of  the  horizontal  position 
vectors  for  drifter  f is  denoted  by  a,  and  /3,.  From  this 
it  is  easy  to  calculate  the  (xisition  vector  with  respect 
to  the  center  of  ma.ss.  For  each  successive  time  interval 
A/,  the  velocities  [the  left-hand  side  of  (1)]  can  be 
calculated  from  spline  functions  or  finite  differences  such 
as 

= [«.(f + A/)  -«,(/-  Af)  ]/2Af 

(2) 

F.(f)  = Af)  Af)]/2Af 

Here  I ’ and  I',  the  average  velocity  components  or 
the  velocity  of  the  center  of  mass  at  any  time  /,  are 


calculated  from 

tf=(£  b'd/n] 

y=(t 

t-i 

The  g and  h functions  and  D,  X,  S and  f can  be  com- 
puted by  noting  that  at  each  time,  the  total  kinetic 
energy  per  unit  mass  of  the  cluster  due  to  small-scale 
turbulence  is 

KE=f:  Cg.^+A*«]/2.  (4) 

i-I 
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Fig.  2.  The  triangle  areas  and  the  differentia/  liinemalh  [irofterlie.s 
eomputcd  for  the  huoy  triads  of  leg  1. 


Substitutint;  (1)  into  (4)  shows  that  the  kinetic 
enerjry  density  rlepends  upon  I),  S,  X and  f.  These 
four  parameters  can  be  estimated  by  selecting  values 
which  give  a minimum  for  the  kinetic  energy  function. 
The  g and  It  functions  can  then  be  determined  from  (1). 

■As  this  method  is  a least-squares  approach,  there  is 
no  difficulty  in  extending  it  to  large  numbers  of  drifters. 
In  fact,  the  statistical  confidence  in  the  values  of  the 
kinematic  parameters  increases  with  the  number  of 
drifters.  The  minimum  number  of  drifters  that  can  Ik: 
used  to  determine  D,  5,  .V  and  f is  three.  In  this  case, 
the  least -squares  procedure  reduces  to  four  algebraic 
equations  for  four  unknowns.  The  g and  h functions 
arc  then  identically  zero. 

Two  points  should  be  made  about  this  approach, 
hirst,  statistical  theory  can  be  applied  to  (juestions 
regarding  samjiling  variability,  confidence  limits  on  the 
coefficients,  analysis  of  variance,  and  biased  data. 
Second,  the  approach  generates  time  series  of  turbulent 
velocities.  It  is  then  possible  to  form  direct  estimates 
of  turbulent  stresses  and  to  comjiare  these  with  para- 
metric representations  of  the  non-advective  fluxes  of 
turbulent  momentum.  Okubo  and  Ebbesmeyer  (1975) 
have  discussed  these  two  jMiints  in  some  detail. 


b.  Method  II:  Area  rale  of  change 

Saucier  (1955)  discusses  a method  for  computing 
atmospheric  divergence,  vorticity,  stretching  and  shear- 
ing deformation.  The  methcxl  requires  wind  observa- 
tions from  closely  spaced  stations.  However,  it  is  readily- 
adapted  to  ocean  drifter  data. 

Horizontal  divergence  can  be  e.xpressed  as  the  frac- 
tional time  rate  of  change  of  the  horizontal  area  A of 
a parcel,  i.e., 

(dr,  dx+dy/dy)=A-‘  dA.dt.  (.s) 

For  a triad  of  drifters,  .1  is  readily  evaluated  at  each 
time  step  by  calculating  the  position  vector  cross 
product  of  two  of  the  drifters  with  respect  to  the  third. 
From  the  time  series  of  .-I’s,  a multitude  of  numerical 
techniques  are  available  to  estimate  the  time  rate  of 
change. 

.As  shown  by  Saucier  (1955),  vorticity,  shearing  and 
stretching  deformation  can  be  evaluated  by  selected 
rotations  of  the  velocity  vectors  of  the  three  drifters. 


tn 


I'tc.  in  Fig.  2 except  for  leg  2. 
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For  example,  a 90°  clockwise  rotation  transforms 


U^-V 


Substituting  this  into  the  divergence  expression  in  (5), 
it  is  seen  that 

{dV/dX-dU/dY)-^{dU'/dX-\-dV'/dY).  (6) 

The  right-hand  side  of  (6)  is  recognized  as 
{\/A')dA'/dt, 

where  A'  is  the  area  enclosed  by  the  triangle  whose 
vertices  are  formed  by  the  rotated  velocity  vectors. 
The  time  rate  of  change  is  evaluated  by  taking  the 
difference  between  this  area  and  the  area  enclosed  bv 
the  drifter  triad  at  the  previous  time  step. 

By  a similar  analysis  it  is  seen  that  the  transformation 

U-*U"  1 


K I R W A .V  , 
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4.  As  in  Kig.  2 except  for  leg  . 
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l ie.  5.  .As  in  l'in.  2 except  for  leu  4. 


yields  the  stretching  deformation.  Finally,  the  rotation 


produces  the  shearing  deformation. 

4.  Results 

The  data  reported  on  here  were  obtained  from  four 
distinct  flow  regimes.  Fig.  1 summarizes  the  trajectories 
and  .speeds  of  the  drifter  cluster  center  of  mass  for  each 
of  the  four  legs.  During  legs  1 and  4,  the  accelerations 
and  trajectory  curvature  were  small  compared  with 
legs  2 and  3.  During  the  latter  two  mentioned  legs, 
the  drifters  entered  the  Yucatan  Current. 

Figs.  2,  .3,  4 and  5 show  the  triangle  area,  divergence, 
relative  vorticity,  and  the  shearing  and  stretching  de- 
formation rates  for  the  four  legs  as  calculated  by  the 
two  methods  previously  outlined.  As  can  be  seen,  there 
is  little  difference  between  the  values  of  the  DKP  cal- 
culated by  the  two  different  procedures.  Note,  how- 
ever, that  the  DKP  time  series  obtained  for  legs  2 and 
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Fig.  6.  I)if?erential  kinematic  projwrtics  Si;.*,  S/i,*  and  S«,/i.  tor 
leg  1 as  calculated  from  observations  of  four  drifters.  When  com- 
paring f igs.  6.  7 and  8 with  Figs.  2.  ■<  ami  resfiectively,  note 
that  the  Scale  for  the  differential  kinematic  properties  in  the  first 
set  of  figures  is  ten  times  greater. 

i are  smoother  than  those  coni]nited  for  legs  1 and  4. 
In  the  latter  cases,  the  series  are  ragged  with  frequent 
sign  changes. 

There  are  two  explanations  for  the  ditferences  in 
smoothness  of  the  DKI’  time  series.  One  is  random 
errors  in  the  measurements.  The  triad  areas  of  legs  1 
and  4 are  an  order  of  magnitude  smaller  than  the  areas 
of  legs  2 and  3.  If  the  statistics  of  the  observational 
errors  are  the  same  for  all  legs,  the  smaller  areas  will 
introduce  a larger  error  into  the  DKP  estimates. 

The  other  explanation  has  been  [jointed  out  to  us  by 
R.  O.  Reid  (personal  communication).  He  has  shown 


that  the  DKP  will  exhibit  frequent  sign  changes  if  the 
drifters  were  responding  to  an  energetic  small-scale 
random  or  turbulent  motion  field.  If  the  turbulent  mo- 
tions are  more  important  in  the  relative  motion  of 
cluster  elements  than  velocity  gradient  effects,  then 
for  a large  number  of  drifters,  the  g and  /i  functions  are 
the  dominant  terms  on  the  right-hand  side  of  (1).  How- 
ever, for  three  drifters,  the  g and  h functions  are  identi- 
cally zero,  and  any  turbulence  appears  as  errors  in  the 
DKP  estimates.  If  more  than  three  drifters  are  jiresent, 
then  estimates  of  the  DKP  should  be  considerable'  im- 
proved.'" Okubo  and  libbesmever  (ld7.S)  suggest  that 
at  least  six  arc  required. 

During  parts  of  legs  1,  and  4,  there  were  four 
drifters  de|jlo\ed.  Data  from  these  legs  can  thus  be 
used  to  demonstrate  the  etTect  of  the  number  of  drifters 
on  estimates  of  the  DKP.  The  time  series  for  the  DKP 
along  with  -g,-,  21//,*  and  ~g,h,  are  shown  in  Figs.  6,  7 
and  8.  For  legs  1 and  4,  it  is  seen  from  comparison  of 
Figs.  2 with  6,  and  Figs.  5 with  8 that  calculations  of 
DKI’  which  use  four  drifters  are  much  smoother  than 
those  which  utilize  just  three.  We  interjjret  this  to 
mean  that  the  additional  drifters  [irovide  better  esti- 
mates of  the  DKP  for  these  legs.  On  the  other  hand,  it 
is  seen  from  Figs.  4 and  7 that  for  leg  .t,  there  is  virtually 
no  ditTerence  between  the  calculations  for  DKI’  using 
three  or  four  drifters.  .\|>parentl%  for  this  leg,  the  esti- 
mates of  the  DKP  obtained  from  three  drifters  were 
valid  and  not  significantly  alTected  by  measurement 
error  or  small-scale  motions. 

.As  there  were  only  four  drifters  for  these  legs,  there 
is  little  confidence  in  the  estimates  of  the  turbulent 
statistics,  ~gr,  2/i.-  and  Ig./i,.  The  ragged  character 
during  legs  1 and  4 (Figs.  6 and  8)  [irobably  retlects 
the  poor  estimates.  These  statistics  were  considerably 
smoother  during  leg  .1  (Fig.  7)  which  suggests  that  the 
order  of  magnitude  for  this  leg  is  correct.  It  is  also 
seen  that  for  all  three  legs,  the  time  average  of  -g,h, 
was  nearly  zero.  This  imiilies  that  there  was  little  tlux 
of  V-directed  momentum  in  the  )"  direction,  and  vice 
versa,  when  viewed  from  a ciKjrdinate  system  moving 
with  the  mean  velocity. 

It  is  possible  from  Figs.  1 and  7 to  asse.ss  the  relative 
roles  of  the  mesoscale  and  turbulent  velocities  for 
[jroducing  neighbor  separations  for  leg  3.  From  Fig.  4 
a characteristic  length  of  the  cluster  is  found  to  be 
aXlfP  m.  From  Fig.  7 characteri.stic  values  of  the 
gradients  and  the  rms  values  of  g,  and  h,  can  be  ob- 
tained at  selected  times.  Inserting  these  values  into 
(1),  it  is  found  that  the  ratio  of  mesoscale  velocity  to 
turbulent  velocity  ranges  from  0.83  to  2.3.  Calculations 
for  the  other  two  legs  yield  a much  greater  range  of 
ratios. 

•As  an  exani])le  of  the  iise  of  the  DKP,  consider  a 
simjjle  dynamical  model  of  conservation  cjf  [jotential 
vorticity  for  the  N'ucatan  Current.  This  relation  is 

</(,{■+  /)/ifI+  (f+/)/7*=residual,  (7) 
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Kig.  7.  As  in  Fig. 

where  / is  the  Coriolis  parameter,  and  residual  includes 
all  factors  which  tend  to  upset  the  potential  vorticity 
balance,  as  well  as  errors  in  measurement.  In  order  to 
examine  the  balance  of  terms  in  (7),  the  vorticity, 
divergence  and  Coriolis  parameter  were  smoothed  by  a 
three-point  running  average  to  obtain  values  every  6 h. 


except  for  leg  3. 

Then  the  averaged  values  were  substituted  into  a 
centered  difference  form  of  (7), 

The  evaluations  of  the  two  terms  in  (7)  for  legs  2 
and  3 are  given  in  Fig.  9.  From  this  it  is  seen  that  the 
two  terms  on  the  left-hand  side  of  (7)  tend  to  be  out 
of  phase.  The  residual  is  of  the  order  of  magnitude  of 
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l-'lG.  8.  As  in  Hg.  6 except  for  leg  4, 


these  terms  but  is  typically  smaller.  The  potential 
vorticity  in  both  legs  thus  is  approximately  conserved 
from  intervals  .A  to  B for  leg  2 and  t'  to  I)  for  leg  ^ 
(refer  to  Fig.  1).  .At  point  B,  two  of  the  drifters  passed 
over  a seamount  with  a conse<iuent  decrease  in  water 
depth  to  less  than  .?(K)  m.  Beyond  point  I),  one  drifter 
passed  over  .Arrowsmith  Bank  while  the  other  two 
remained  in  deeper  water. 


5.  Discussion 

The  observations  and  calculations  presented  here 
provide  quantitative  data  on  the  magnitude  for  the 


velocities  and  the  DKP  of  the  A’ucatan  Current  and 
the  western  Caribbean.  It  was  found  that  the  shear 
and  normal  deformations  were  the  same  order  of  mag- 
nitude as  the  vorticity  and  of  the  order  of  1()“‘  s“'  or 
smaller.  The  horizontal  divergence  also  was  of  this 
magnitude.  Similar  values  for  the  divergence  were  re- 
ported by  Chew  and  Berberian  (1971)  and  Reed  (1971). 
Finally,  it  w:is  found  that  trajectories  in  the  vicinity 
of  the  Yucatan  Current  axis  approximately  conserve 
potential  vorticity. 

We  feel  that  these  results  have  significance  beyond  a 
contribution  to  the  description  of  the  regional  oceanog- 


666 


July  1975 


R . M O L I N A R I AND  A . D . K I R \V  A N , JR. 


491 


Fig.  9.  Material  derivative,  atretihing  and  residual  terms  for 
potential  vorticity  equation  for  legs  2 and  5.  The  time  intervals 
are  for  the  portions  of  the  trajectories  shown  in  Fig.  I by  (A,  B) 
and  (C,  D). 

raphy  of  the  Caribbean.  First,  two  procedures  have 
been  developed  for  calculating  the  OKI’.  In  regions 
where  the  horizontal  velocity  gradients  are  significant, 
the  two  methods  give  comparable  results.  The  calcula- 
tion of  the  DKP  thus  fills  the  gap,  noted  in  the  Intro- 
duction, between  the  use  of  Lagrangian  data  to  infer 
characteristics  of  large-scale  circulation  features  and 
small-scale  turbulent  processes  in  the  ocean. 

Second,  the  observations  rejiortcd  here  show  that  the 
DKP  can  make  a considerable  contribution  to  drifter 
separations.  For  e.’tample,  if  the  DKP  had  been  ignored, 
and  the  separation  of  pairs  of  drifters  had  been  attrib- 
uted solely  to  the  neighbor  or  turbulent  diffusivity. 


then  one  would  infer  that  the  Yucatan  Current  was 
highly  turbulent.  This  may  be  the  case,  but  it  would 
appear  from  our  results  that  mesoscale  phenomena  are 
at  least  as  equally  important  in  this  current  for  pro- 
ducing neighbor  separations. 

F'inally,  we  have  demonstrated  that  it  is  possible  to 
infer  the  material  derivative  and  stretching  terms  of  the 
vorticity  equation  from  Lagrangian  measurements. 
This  means  that  by  combining  Lagrangian  measure- 
ments with  synoptic  pictures  of  the  field  of  mass,  it 
should  be  possible  to  test  dynamical  concepts  of  strong 
current  regimes. 
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Flameless  atom  reservoir  atomic  absorption  spectrophotome- 
try, because  of  its  extremely  high  sensitivity,  has  found  many 
applications  in  trace  metal  analysis  of  seawater,  marine 
organisms,  and  sediments.  Direct  analysis  of  seawater  for 
trace  metals  was  not  possible  with  early  atomizer  designs 
because  of  matrix  interferences.  A new  generation  of 
atomizer  reduces  these  interferences  and  has  been  tested 
for  its  utility  in  direct  analysis  of  seawater.  All  elements 
so  far  investigated — iron,  manganese,  copper,  and  cadmium 
— can  be  rapidly,  simply,  and  precisely  determined  in  their 
normal  range  of  concentrations  in  seawater.  Several  pre- 
cautions are  necessary  to  obtain  accurate  results,  as  matrix 
composition,  injection  volume,  atomizer  conditions,  and 
changes  in  graphite  atomizer  tube  characteristics  all  affect 
the  sensitivity  of  analysis. 


The  marine  chemistry  of  trace  transition  metals  is  not  well  understood, 
despite  many  years  of  intense  interest  and  research  activity.  The 
comparative  lack  of  success  of  most  investigations  of  marine  geochemical 
cycles  of  transition  elements  undoubtedly  arises  largely  from  the  inade- 
quate analytical  techniques  used  to  determine  elemental  concentrations, 
particularly  concentrations  of  metals  dissolved  in  seawater.  Not  only  are 
the  historically  preferred  techniques  inaccurate  (1),  but  also  their  length 
and  difficulty  normally  preclude  the  analysis  of  sufficient  samples  to 
describe  adequately  environmental  variations.  Unless  these  variations, 
both  in  time  and  space,  can  be  adequately  described,  little  can  be  learned 
about  marine  geochemical  processes. 
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Trace  metal  concentrations  in  seawater  are  so  low  that  contamination 
of  the  sample  and  loss  of  metal  to  container  walls  are  critical  problems  in 
any  analytical  technique.  These  problems  are  particularly  severe  when 
the  water  sample  must  underf^o  extensive  chemical  treatment  prior  to 
the  determination  step.  Most  available  techniques  require  such  a chemi- 
cal step  or  steps,  because  of  their  inadequate  sensitivity  and/or  inability 
to  determine  the  metal  in  the  presence  of  the  other  sea  water  salts.  Even 
those  neutron  activation  procedures  established  for  analysis  of  elements 
in  seawater  usually  require  a preactivation  concentration  step  (2). 

Recently,  flameless  atomization  techniques  have  been  dcvelopeil  for 
atomic  spectro.scop  y,  particularly  for  atomic  absorption.  Absolute  sensi- 
tivities of  atomic  : bsorption  using  these  flameless  atomizers  are,  for  most 
elements,  comparable  with  or  better  than  those  attainable  by  any  other 
technique.  Additionally,  unlike  most  other  techniques  the  atomic  absorp- 
tion method  is  relatively  free  from  interferences  by  other  components  of 
the  sample  matrix.  Therefore,  flameless  atomic  absorption  holds  great 
promise  for  direct  analysis  of  trace  metals  in  seawater  and  other  environ- 
mental samples.  This  paper  reports  the  successful  application  of  a new 
design  of  commercial  atomizer  to  direct  analysis  of  several  metals  in 
seawater. 


Flameless  Atomizers 


Flameless  atomic  absorption  spectrophotometry  is  essentially  very 
simple.  A substrate  upon  which  the  sample  matrix  can  be  deposited  is 
placed  in  or  immediately  adjacent  to  the  spectrophotometer  light  beam, 
and  a means  of  heating  this  substrate  rapidly  to  800°-3500°C  is  provided. 
Electrical  resistance  is  usually  the  heating  method  used.  The  substrate 
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itself  has  been  made  from  various  materials,  and  a large  mimber  of 
atomizer  designs  have  been  used.  Two  substrates — graphite  and  tantalum 
— ^appear  to  be  best  suited  to  routine  use,  and  two  basic  atomizer  dc-signs 
— the  open  rod  or  West  type  and  the  closed  furnace  or  Massinan  type — 
have  been  used  (3).  Of  the  two  basic  designs,  the  closed  furnace  appears 
to  be  preferable  for  routine  analysis  of  most  samples  (3)  because  it  does 
not  require  as  stringent  optical  alignment  as  open  filament  types,  gen- 
erally can  accept  larger  sample  volume,  and  shows  fewer  inter-element 
interferences  because  of  the  smaller  temperature  gradient  observed 
within  the  atomization  zone.  One  such  atomizer,  the  Perkin  Elmer 
HGA-70  (later  designated  the  HGA-2000)  with  a modified  power  supply, 
has  been  extensively  evaluated  for  use  in  marine  chemical  analysis  (4- 
11).  One  of  the  major  disadvantages  of  this  atomizer  was  the  physical 
arrangement  which  allowed  the  cooling,  condensing  atom  gas  cloud  to 
remain  in  the  optical  path  of  the  spectrophotometer  while  it  was  swept 
laterally  out  of  the  atomizer  (Figure  1).  This  led  to  nonspecific  absorp- 
tion or  scattering  attenuation  of  the  light  beam,  thereby  preventing  the 
analysis  of  high  solid  content  matrices  such  as  seawater  (4).  This  attenua- 
tion was  so  great  that  it  prevented  the  use  of  a background  correction 
system,  such  as  that  based  on  the  deuterium  arc  lamp  (12).  Recently, 
a new  heated  graphite  atomizer  has  been  designed,  the  Perkin  Elmer 
HGA-2100  (Figure  2),  which  alleviates  this  problem  by  modifying  the 


Figure  2.  HGA-2100  atomizer  head 
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INTERNAL 


Figure  3.  Cross  section  of  UGA-2100  atomizer  head 
showing  gas  flow 

gas  flow  within  the  heated  graphite  tube  to  remove  the  hot  atom  cloud 
from  the  light  beam  before  the  atom  cloud  is  significantly  cooled.  The 
purge  gas  enters  the  atomizer  tube  at  each  end  and  e.xits  through  the 
sample  introduction  port  at  its  center  (Figure  3).  A second  inert  gas 
supply  is  provided  outside  the  atomizer  tube  to  prevent  its  oxidation. 
The  atomizer  can  accept  up  to  50  fil.  of  solution  and  be  heated  in  three 
different  temperature  steps  up  to  about  .3000°C. 

Equipment 

A Perkin  Elmer  model  .503  atomic  absorption  spectrophotometer, 
equipped  with  Perkin  Elmer  HGA-2100  heated  graphite  atomizer  (Figure 
2),  a deuterium  arc  background  corrector  {12),  and  a strip  chart  recorder, 
was  used.  The  HG.\-2100  graphite  furnace  was  purged  with  argon. 
Hollow  cathoile  l.imps  were  used  except  for  catlmium  for  which  an 
clectrodeless  discharge  lamp  ( Perkin  Pilmer ) was  used. 

The  reported  temperature  settings  foi  the  graphite  furnace  were 
read  from  the  HGA-2100  powei  supply  readout  and  are  approximate. 
These  temperatures  are  based  upon  the  applied  voltage  across  the 
atomizer  terminals.  All  absorbances  were  obtained  from  peak  heights 
read  from  either  the  strip  chart  or  the  digital  peak  height  reader  of  the 
Perkin  Elmer  50.3. 

The  measurement  of  peak  areas  rather  than  peak  heights  would 
undoubtedly  eliminate  or  reduce  some  of  the  matrix  effects  on  sensitivity 
reported  below  {13).  However,  the  integration  mode  of  the  Perkin  Elmer 
503  does  not  provide  true  peak  area  integration,  but  instead  provides 
signal  averages  for  a preset  time  subsequent  to  initiation  of  the  atomiza- 
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tion  slop  Hocmuso  of  tlio  aclviTse  .siaiMl-to-noiso  rolationsliip  caused  by 
this  procodiiio,  the  detection  limits  obtained  witii  the  integration  mode 
are  not  as  good  as  tliose  obtained  by  peak  heiglit  measurement.  A fast 
res[K>nse  integrator  programmeil  to  the  output  peaks  would  ui  Joubtedly 
enhance  the  analysis  of  complex  samples  such  as  seawater. 

All  standards  were  prepared  by  dilution  of  Alfa  Inorganics  Ventron 
primary  standard  solutions  using  acidified  filtered  surface  Gulf  Stream 
seawater  (salinity  ca.  36',,)  or  distilled  water.  Sample  injections  were 
made  with  Eppendorf  microliter  pipets  with  disposable  plastic  tips. 

Preliminary  Assessment  of  Seawater  Analysis 

The  preliminary  assessment  of  the  behavior  of  seawater  in  the  HGA- 
2100  was  carried  out  in  conjunction  with  the  Perkin  Elmer  Co.  Some  of 
these  results  have  been  published  elsewhere  (14).  The  HG.4,-2100  gave 
rise  to  considerably  smaller  background  absorbances  than  the  HGA-2000 
during  atomization  of  sodium  chloride  solutions  and  measurement  of  the 
absorbance  at  the  copper  wavelength  ( 324.7  nm ) . The  charring  tempera- 
ture used  was  low  enough  so  that  no  salt  was  xolatilized  before  atomiza- 
tion. Plots  of  the  molecular  absorbance  of  sodium  chloride  vapor  produced 
by  the  two  atomizers  as  a function  of  concentration  are  shown  in  Pigurc  4. 
A 10  /il.  aliquot  of  35/i'o  seawater  will  contain  350  jag  of  total  salt.  From 
Figure  4 it  can  be  seen  that  for  a sample  containing  this  quantity  of 
sodium  chloride,  the  background  signal  with  the  llG.\-2000  is  more  than 
one  absorbance  unit  while  with  the  HG.\-2106  ,t  is  about  0.1  absorbance 
— a value  more  readily  correctable  by  means  such  as  the  deuterium  arc 
background  corrector  (12).  Even  the  reduced  background  absorbance 
afforded  by  the  HGA-2100  is  larger  than  desirable,  particularly  when 
analyzing  samples  having  metal  concentrations  close  to  the  detection 
limits  of  flameless  atomic  absorption.  This  condition  is  encountered  for 
many  elements  in  unpolluted  seawater  (Table  1).  and  it  is,  therefore, 
necessary  to  use  the  selective  volatilization  technique  where  possible 
(15)  to  further  reduce  background  interference. 

Trace  elements  in  seawater  can  be  divided  into  two  somewhat 
arbitrary  groups  according  to  their  relative  volatilities.  The  first  group, 
including  elements  such  as  V,  Co,  Ni,  Cu,  Mn,  Fe,  Cr,  and  Mo  is  not 
volatilized  at  temperatures  sufficient  to  volatilize  the  alkali  chlorides. 
The  second  group  consists  of  elements  whose  salts  have  volatilities  similar 
to  or  greater  than  the  alkali  chlorides,  including  cadmium,  zinc,  lead, 
and  gold.  Selective  volatilization  can  be  used  to  remove  the  bulk  of 
seawater  salts  prior  to  atomization  of  the  low  volatility  elements  but  not 
the  volatile  elements  (4).  Elements  which  have  been  determined  by 
flameless  atomic  absorption  using  the  heated  graphite  atomizer  are  listed 
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in  Table  I as  bein"  volatile'  or  involatile.  The  division  between  the 
two  groups  is  not  well  defined  by  observation,  and  some  elements  may 
fall  into  the  other  group  when  atomization  from  a seawater  matrix  is 
attempted  as  opposed  to  atomization  of  the  simple  salts.  Table  I shows 
approximate  detection  limits  obtainable  for  various  elements  in  simple 
aqueous  solution.  In  addition,  the  approximate  concentrations  of  the 
elements  in  unpolluted  seawater  are  listed.  A comparison  reveals  that,  if 
detection  limits  comparable  with  those  in  distilled  water  can  be  obtained 
in  seawater  and  if  matrix  effects  can  be  compensated  or  eliminated,  a 
number  of  elements  could  be  determined  by  direct  injection  of  seawater 
into  the  HGA-2100. 


Figure  4.  Absorbance  of  sodium  chloride  at 
324.7  nm  without  background  correction  using 
the  HGA-2000  and  the  HGA-2100  atomizers 


An  evaluation  of  direct  analysis  of  seawater  by  the  HGA-2100  was 
carried  out  lor  three  elements  with  lower  volatilities  than  the  alkali  metal 
chlorides  (copper,  iron,  and  manganese)  and  one  element  with  higher 
volatility  (cadmium).  Analysis  of  seawater  for  each  of  these  elements 
proved  to  be  possible  and  sufficiently  sensitive.  However,  a number  of 
variables  affect  the  analysis.  These  variables,  in  addition  to  the  atomic 
absorption  spectrophotometer  settings,  include  the  purge  gas  flow  rate 
through  the  atomizer,  the  ashing  temperature  and  time,  the  atomization 
temperature,  the  salinity  of  the  sample,  the  volume  of  injection,  and  the 
changing  surface  properties  of  the  graphite  tube.  To  optimize  the  ana- 
lytical sensitivity  and  precision,  the  effect  of  each  of  these  variables  was 
investigated. 

Pvrge  Gas  Flow  Rate  The  purge  gas  flow  rate  can  be  adjusted  up 
to  about  220  ml  of  argon  per  minute.  Normally  the  flow  rate  of  the  argon 
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Tabic  I.  Trace  Elements  in  Seawater  and  Detection  Limits 

Volatile  Elements 


Element 

Approiimate 

Detection 

Limit' 

Approximate 

Seawater 

Concentration 

Ag 

0 1 

0.1 

As 

1 

2.3 

Au 

0.5 

0.005' 

Bi 

0.2 

0.02 

Cd 

0.04 

0.05 

Hg 

220 

0.05' 

In 

16 

0.0001 

Pb 

1 

0.03' 

Sb 

5 

0.01 

Se 

60 

0.45 

Sn 

60 

0.01 

Te 

600 

— 

T1 

3 

0.01 

Zn 

0.02 

5 

* Detection  limit  in  iif/i.  for  a 50-»»l.  injection.  Detection  limit  taken  to  be  equal 
to  sensitivity  li.sted  by  Perkin  Elmer  Corp,  (SI). 

* From  Riley  and  Chester  (/7)  ng/\.  for  salinity  = 3S%,. 

* Considerable  variations  known  to  occur. 

gas  is  maintained  as  low  as  possible  (about  50  ml/min)  to  maximize  the 
residence  time  of  atoms  in  the  atomizer  and,  therefore,  the  peak  atoms 
population  and  the  analytical  sensitivity.  To  obtain  maximum  sensitivi- 
ties, the  internal  gas  flow  may  even  be  switched  off  for  a few  seconds 
during  the  atomization  step  (16).  Higher  flow  rates  lead  to  generally 
lower  sensitivities  and  are,  therefore,  undesirable.  However,  low  flow 
rates  will  retard  flushing  of  the  cooling  atom  cloud  from  the  furnace. 
When  determining  elements  in  a high  salt  content  matrix,  this  significantly 
increases  background  absorption.  Consequently,  either  the  compensation 
ability  of  the  deuterium  arc  background  corrector  is  exceeded,  or  the 
reproducibility  and  precision  of  the  analysis  are  reduced  because  of  noise 
introduced  by  imperfect  correction  of  large  background  signals.  Thus,  it 
was  found  that  a flow  rate  of  about  150  ml/min  was  optimal  for  manga- 
nese and  copper  analysis.  Despite  removal  of  the  major  seawater  salts 
by  ashing  before  atomization,  suflBcient  matrix  material  remains  to  pro- 
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of  Flameless  Atomic  Absorption  Spectrophotometry 

Involatile  Elements 


Element 

Approximate 

Detection 

Limit' 

Approximate 

Seawater 

Concentration 

A1 

3 

5" 

Ba 

6 

30" 

Be 

0.7 

0.0006 

Co 

2 

0.08" 

Cr 

0.5 

0.6" 

Cs 

2 

0.5 

Cu 

1 

3" 

Dy 

15 

0.0009 

Er 

35 

0.0009 

Eu 

800 

0.0001 

Fe 

0.5 

3" 

Ga 

50 

0.03 

Ir 

60 

— 

Li 

1 

180 

Mn 

0.2 

2* 

Mo 

2 

10 

Ni 

3 

2 

Pd 

3 

— 

Pt 

2 

— 

Rb 

1 

120 

Rh 

4 

0.01 

Si 

3 

1000" 

Sr 

4 

8500 

Ti 

40 

1 

V 

7 

1.5 

duce  significant  background  signals  during  atomization  at  low  flow  rates. 
Although  sensitivity  for  manganese  and  copper  is  somewhat  less  at  the 
chosen  flow  rate  than  at  lower  values,  the  difference  is  small  and  com- 
pensated for  by  improved  reproducibility.  For  iron  analysis,  where  a 
higher  ashing  temperature  may  be  used  and,  therefore,  more  matrix 
material  removed  before  atomization,  the  optimum  flow  rate  is  about 
100  ml/min. 

When  atomizing  cadmium  from  seawater,  the  atomic  absorption 
signal  is  followed  by  a spurious  non-atomic  signal  from  the  major  salts 
(see  Figure  22).  The  analysis  depends  upon  the  temporal  separation  of 
these  two  signals.  At  high  gas  flow  rates,  cadmium  is  swept  out  of  the 
light  beam  before  the  spurious  signal  is  generated.  At  lower  rates,  the 
sensitivity  of  the  analysis  is  improved  as  the  residence  time  of  cadmium 
atoms  in  the  light  beam  is  increased.  However,  this  increased  residence 
time  reduces  the  separation  between  the  atomic  and  spurious  peaks. 
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Figure  5.  Effect  of  atomization  temperature  on 
the  absorbance  of  5 pi.  of  a 10-ppb  spike  of  cadmium 
in  seawater 


causing  overlap  and  interference.  The  optimum  gas  flow  rate  is,  there- 
fore. about  70  ml/min.  It  is  possible  that  the  limiting  factor  in  resolution 
of  the  cadmium  and  matrix  signals  is  the  relatirely  slow  response  time  of 
conventional  atomic  absorption  spectrophotometer  readout  electronics. 
If  this  is  the  case,  then  use  of  a faster  readout  system  and  lower  gas  flow 
should  improve  sensitivity. 

Atomization  Temperature  and  Time.  The  maximum  temperature  of 
the  heated  graphite  tube  during  the  atomization  step  and  the  rate  at 
which  this  temperature  is  achieved  determines  the  rate  of  volatilization 
and  atomization  of  the  sample  and,  therefore,  the  peak  atom  population 
and  sensitivity.  For  involatile  elements,  the  peak  height  sensitivity  in- 
creases with  increasing  temperature  until  a plateau  is  reached.  The 
optimum  atomization  temperature  is  then  the  lowest  temperature  at 
which  maximum  sensitivity  is  obtained.  For  some  volatile  elements,  the 
peak  absorbance  may  reach  a maximum  with  increasing  temperature  and 

Table  II.  Optimum  Conditions  for 


Ashing  Temp. 


Element 

ro 

Cd 

400 

Cu 

600 

Fe 

1250 

Mn 

1100 

• Rotameter  reading  HGA-2100. 


Atomization 


.Ashing  Time  Temp, 

(sec)  (°C) 

10  I.tOO 

2.5  2500 

25  2.500 

25  2400 
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Figure  6.  Effect  of  ashing  time  on  the  absorbance 
of  40  III.  of  a lO-ppb  spike  of  manganese  in  distilled 
water  and  seawater  (ashing  temperature  = 600°C) 

may  then  decrease  with  further  temperature  increase  (Figure  5).  The 
optimum  atomization  temperatures  for  seawater  analysis  were  found  to 
be  essentially  the  same  as  those  for  dilute  aqueous  metal  salts  and  are 
listed  in  Table  II. 

The  atomization  time  is  set  at  the  shortest  time  necessary  for  com- 
plete removal  of  the  analysis  element  from  the  atomizer.  Generally,  a 
time  is  selected  which  continues  atomization  for  a period  after  the  peak 
signal  is  observed,  corresponding  to  about  twice  the  peak  width  at  half 
height  at  the  highest  concentration  to  be  determined.  This  ensures  that 

Seawater  Analysis  by  Direct  Injection 


Atomization 

Approximate 

Detection 

Time 

Usual  Sample 

Limits 

C see) 

Gas  Flow' 

Vol.  (ill.) 

(iig/kg) 

7 

40 

10 

0.01 

7 

80 

50 

0.5 

7 

60 

20 

0.4 

7 

80 
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Figure  7.  Effect  of  ashing  time  on  the  absorhancr  of  40 
nl.  of  a 10-ppb  spike  of  manganese  in  distilled  water  and 
seawater  (ashing  temperature  ~ 1100°C) 


memory  effects  are  eliminated  and  permits  examination  of  the  analytical 
baseline  immediately  after  the  absorption  signal  while  the  atomizer  is 
still  at  the  atomization  temperature.  For  some  elements,  particularly 
those  whose  analytical  lines  are  of  longer  wavelength,  there  is  a small 
but  significant  baseline  shift  caused  by  black  body  emission  from  the 
incandescent  atomizer  tube.  This  shift  may  be  minimized  by  careful 
alignment  of  the  optical  train  but  still  must  be  corrected  for  when  low 
concentrations  are  determined. 

Ashing  Temperature  and  Time.  The  intermediate  temperature  heat- 
ing cycle  of  the  heated  graphite  atomizer,  referred  to  here  as  the  ashing 
cycle,  removes  as  much  of  the  matrix  as  possible  without  significant  loss 
of  the  analyte.  For  involatile  elements  a significant  proportion  of  seawater 
salts  can  be  removed  by  this  means  before  the  atomization  step.  The 
choice  of  ashing  temperature  and  time  is  made  to  obtain  the  optimum 
balance  of  sensitivity  and  reproducibility.  At  too  low  an  ashing  tempera- 
ture or  too  short  an  ashing  time  the  incomplete  removal  of  the  matrix 
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salts  and  the  consequent  inability  of  the  deuterium  arc  background  a>r- 
rector  to  compensate  precisely  for  nonspecific  absorption  will  reduce  the 
reproducibility.  Too  high  an  ashing  temperature  will  lead  to  significant 
loss  of  analyte  metal  from  the  atomizer  before  atomization  and  conse- 
quently a loss  of  analytical  sensitivity.  The  effect  of  ashing  time  on  man- 
ganese analysis  in  seawater  is  illustrated  in  Figures  6 and  7.  At  an  ashing 
temperature  of  600°C,  little  loss  of  manganese  from  the  atomizer  occurs 
even  for  long  ashing  times.  However,  the  reproducibility  of  the  analysis 
for  seawater  is  extremely  poor  even  at  long  ashing  times  (Figure  6).  At 
an  ashing  temperature  of  1100°C,  although  significant  loss  of  manganese 
occurs  from  a distilled  water  matrix,  the  reproducibility  of  the  analysis 
in  seawater  is  much  improved  while  the  sensitivity  is  reduced  by  only 
about  25%  (Figure  7).  Optimum  ashing  times  required  at  each  tem- 
perature are  similar.  Little  change  in  either  reproducibility  or  sensitivity 
occurs  with  increasing  time  above  25  sec. 

The  eflFect  of  ashing  temperature  upon  the  analysis  of  iron,  man- 
ganese, and  copper  is  illustrated  in  Figures  8,  9,  and  10,  respectively. 


ASHING  TEMPERATURE  I’C) 

Figure  S.  Effect  of  ashing  temperature  on  the 
absorbance  of  20-ul.  injections  of  a 40-pph  spike 
of  iron  in  distilled  water  and  seawater  and  of  un- 
spihed  seawater  (Fe  < 0.5  pph) 
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When  introduced  in  chloride  salt  solution  in  distilled  water,  the  response 
to  changes  in  ashing  temperature  is,  in  each  instance,  relatively  simple. 
The  analytical  sensitivity  falls  olf  at  temperatures  above  SOO'C,  as 
increasing  amounts  of  metal  are  lost  from  the  atomizer  during  the  ashing 
cycle.  When  the  salts  are  introduced  in  natural  seaYvater,  obsersed  sensi- 
tivity changes  are  more  complex.  As  Yvith  distilled  water,  sensitivity 
drops  above  a critical  temperature,  which  is  different  for  each  element, 
because  of  loss  of  the  element  from  the  atomizer  during  ashing.  How- 
ever, below  this  temperature,  the  sensitivity  drops  instead  of  leveling  off 
as  with  simple  solutions.  The  cause  of  this  sensitivity  lo.ss  is  unknown, 
although  it  must  be  caused  by  either  lowered  instrument  response  arising 
from  large  nonspecific  absorption  and  considerably  decreased  light  level 
reaching  the  photomultiplier  or,  more  likely,  chemical  interference  by  the 
major  seawater  salts.  Such  chemical  interference  might  be  eaused  by 
suppression  of  dis.sociation  of  molecular  species  of  the  analyte  element 
in  the  molecule  and  atom  cloud  by  the  presence  of  large  quantities  of 
more  easily  dis.sociabre  salts.  This  would  be  analogous  to  the  suppression 
of  ionization,  achieved  for  manv  elements  in  flames  or  arcs  by  the  addition 
of  large  quantities  of  easily  ionizable  elements.  Sodium  chloride  at  a 
concentration  of  3.5  g/1.  has  a larger  suppression  effect  than  seawater 
with  a total  salt  content  of  3.5  g 1.  The  effect  is  thus  not  simply  deter- 
mined by  the  total  quantity  of  elements  in  the  sample  but  is  also  de- 
pendent upon  the  composition  of  the  matrix.  The  complexity  of  the 
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Figure  9.  Effect  of  ashing  temperature  on  the 
absorbance  of  40-pl.  injections  of  20-ppb  spike  of 
manganese  in  distilled  water  and  seawater  and  of 
unspiked  seawater  (Mn  < 1 ppb) 
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fipurc  10.  Efcct  of  ashing  temperature  on  the  ab- 
sorbance of  40-fd.  injections  of  a 20-ppb  spike  of 
copper  in  distillcil  water,  seawater,  3.5%  sodium 
chloride  solution,  and  of  unspiked  seawater  (Cu  < 0.5 
ppb) 

atomization  phenomenon  from  a complicated  matrix  is  further  illustrated 
by  the  obsers'ation  that,  although  the  managanese  and  copper  sensitivities 
are  suppressed  in  seawater  as  compared  with  simple  chloride  solutions 
regardless  of  ashing  temperature,  the  sensitivity  for  iron  is  considerably 
enhanced  in  seawater.  Too  little  is  known  about  the  chemistry  of  atomic 
vapor  clouds,  such  as  are  generated  in  the  heated  graphite  atomizer,  to 
enable  more  than  speculation  upon  the  cau.se  of  enhancement  or  suppres- 
sion. ffowever,  the  matri.x  clear!)-  must  affect  such  sital  parameters  as 
the  chemical  form  of  the  analysis  element  deposited  in  the  solid  state 
after  drying  in  the  atomizer  and  the  volatilization  and  dissociation  of 
these  compounds.  Considerably  more  research,  both  experimental  and 
theoretical,  is  called  for  in  this  area. 

Injection  Volume.  The  volume  of  sample  injected  into  the  HG.\- 
2100  may  he  up  to  100  ;<!.,  but  usually  is  between  10  and  50  ^il.  The 
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Figure  11.  Calibration  for  manganese  (0-50  ppb)  in  seawater 
and  distilled  water  (infection  volume  = 40  id.) 
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Figure  12.  Calibration  for  manganese  (40  ppb)  in  seawater 
and  distilled  water  (infection  volume  = 10-50  pi.) 
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injection  volinnc  affects  analytfeal  sensitivity  both  with  simple  salt  solu- 
tions and  with  seawater.  FiKures  11  and  12  both  show  calibration 
curves  for  manganese  in  distilled  and  seawater.  Figure  11  shows  linear 
calibrations  obtained  by  injecting  different  concentrations  of  manganese 
in  identical  volumes  of  sample.  Figure  12  was  obtained  by  injection  of 
different  volumes  of  a single  concentration  of  manganese  in  both  distilled 
and  seawater.  As  the  injection  volume  increases,  the  peak  height  drops, 
in  each  instance  leading  to  curvature  of  the  calibration.  With  distilled 
water  injections,  this  curvature  is  probably  caused  by  a change  in  the 
volatilization  rate  of  manganese  because  of  its  wider  distribution  on  the 


CONCENTRATION  (ppb) 


Figure  13.  Calibration  for  cadmium  (0-10 
ppb)  in  seawater  and  distilled  water  (injec- 
tion volume  = 5 pi.) 


Figure  14.  Calibration  for  cadmium  (0.5 
npoj  in  seawater  and  distilled  water  (injection 
volume  = 5-30  pi.) 


t- — 


683 


anal\*tical  methods  in  oceanocrapiiy 


floor  of  the  graphite  tube,  which  is  not  uniformly  heated.  Atomization 
does  not  take  place  simultaneoiisly  at  all  points  in  the  tube,  which  leads 
to  a broader,  smaller,  output  signal.  In  seawater,  the  curvature  is  much 
greater,  and  tlie  large  quantity  of  salt  must  have  an  additional  effect  at 
larger  injection  volumes.  Similar  calibrations  were  obtained  for  other 
elements.  Figures  13  and  14  show  the  corresixmding  calibration  for  the 
volatile  element  cadmium. 

In  order  to  show  the  effect  of  total  salt  quantity  in  the  atomizer,  a 
series  of  injections  were  made  for  cadmium  and  manganese  analysis  with 
different  volumes  of  solution  but  with  the  same  total  quantity  of  the 
analysis  metal  present  per  injection.  Three  series  of  injections  were 
made — in  distilled  water,  in  seawater,  and  in  seawater  diluted  to  main- 
tain the  total  salt  quantity  per  injection  constant.  The  results  are  shown 
in  Figures  15  and  16  for  manganese  and  cadmium,  respectively.  It  is 


Figure  15.  Effect  of  iniection  volume  on  the  ab- 
sorbance of  1.2  ng  of  manganese  in  distilled  water 
with  350  ng  of  seawater  dissolved  salts  per  infection 
and  in  seawater  of  35%,  salinity 

apparent  that  the  injection  volume  alone  has  only  a small  effect  on  the 
sensitivity,  although  some  sensitivity  loss  occurs  with  increasing  volume 
of  distilled  water.  The  effect  of  increased  total  salt  content  in  the  atomizer 
is  to  reduce  the  sensitivity  in  each  case,  presumably  because  of  a sup- 
pression of  dissociation  or  similar  phenomenon.  The  effect  of  maintaining 
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INJECTION  VOLUME  («il) 

Figure  16.  Effect  of  injection  volume  on  the  ab- 
sorbance of  60  ng  of  cadmium  in  distilled  water 
with  350  ng  of  seawater  dissolved  salts  per  injection 
and  in  seawater  of  35%,  salinity 

constant  salt  quantity  and  constant  metal  quantity  while  varying  the 
injection  volume  is  complex  but  resembles  to  some  extent  the  effect  of 
salinity  (see  Figures  17  and  20). 

Although  at  this  time  the  sensitivity  variations  seen  when  changing 
injection  veJume  with  saline  samples  cannot  be  explained,  it  is  clear  that 


Figure  17.  Effect  of  salinity  on  the  ab.wrbance  of  40  fJ.  of  20  ppb 
manganese  in  seawater 
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Figure  18.  Effect  of  saliniUj  on  the  absorbance  of  20  fil.  of  40  ppb  of 
iron  in  seawater 


for  accurate  results  all  samples  and  standards  must  be  injected  in  the 
same  volumes  and  with  the  same  salinity. 

Salinity.  The  sensitivity  of  the  analysis  for  each  of  the  elements 
investigated  depends  on  the  salinity  of  the  sample  (Figures  17-20). 
Sensitivities  for  iron  and  manganese  are  both  enhanced  at  low  salinities, 
compared  with  distilled  water  standards,  and  in  each  instance  sensitivity 
falls  off  at  higher  salinities.  The  effect  of  salinity  on  copper  and  cadmium 
analysis  is  more  complex  (Figures  19  and  20).  A large  drop  in  sensitivity 
occurs  from  distilled  water  to  low  salinities.  At  higher  salinities,  the 
sensitivity  increases  again  and  then  drops  slowly.  As  has  already  been 
stated,  it  is  not  possible  to  explain  variations  of  sensitivity  with  salinity 


SALINITY  tppi) 

Figure  19.  Effect  of  salinity  on  the  absorbance  of  40  pi.  of  20 
ppb  of  copper  in  seawater 
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because  of  the  lack  of  knowledge  of  the  chemistry  of  hot  atomic  and 
molecular  clouds. 

The  maximum  rate  of  change  in  sensitivity  for  each  element  takes 
place  at  salinities  near  those  of  fresh  wafers;  therefore,  such  samples 
should  always  be  analyzed  by  standard  additions.  This  is  also  necessary 
because  of  the  variability  of  major  ion  compositions  of  natural  fresh 
water,  which  may  be  expected  to  affect  sensitivity,  along  with  changes 
in  the  total  salt  content.  Fortunately,  small  changes  of  salt  content  near 
the  values  of  salinity  found  in  the  open  sea  have  very  little  effect  on  the 
analytical  sensitivity  for  any  of  the  metals  studied.  Trace  metal  analysis 
of  seawater  may,  therefore,  be  performed  using  standard  additions  on 
selected  samples  only. 


SALINITY  (ppl) 


Figure  20.  Effect  of  salinity  on  the  absorbance  of  10  p.1.  of  20 
pph  of  cadmium  in  seawater 

Seawater  Analysis,  Analytical  Conditions,  and  Procedure 

Analytical  conditions  adopted  for  analysis  of  iron,  manganese,  cad- 
mium, and  copper  in  .seawater  are  summarized  in  Tabic  II.  Output  peaks 
obtained  are  illustrated  in  Figure  21  for  copper  and  Figure  22  for  cad- 
mium. For  copper  and  other  refractory  elements,  spurious  signals  gen- 
erated by  atomizing  seawater  salts  at  the  ashing  temperature  are  not 
recorded  since  the  recorder  is  switched  on  automatically  immediately 
prior  to  the  atomization  step.  However,  immediately  following  the 
atomic  absorption  peak  for  cadmium,  the  atomized  major  salts  produce 
strong  scattering  and  molecular  absorption  which  reduces  the  light  inten- 
sity passing  through  the  atomizer  almost  to  zero.  This  leads  to  spurious 
signals  on  the  recorder  which  at  first  are  negative,  then  positive,  and 
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then  return  to  the  baseline  during  the  atomization  cyele  (Figure  22). 
These  spurious  peaks  may  be  ignored  and  do  not  affect  the  analytical 
signal  as  long  as  the  electrodeless  discharge  lamp  and  deuterium  arc 
lamp  beams  are  well  aligned  and  intensity  matched.  Examination  of  the 
response  at  a nonabsorbing  line  close  to  the  analytical  line  shows  that 
the  cadmium  peak  precedes,  and  is  unaffected  by,  the  scattering  signal. 
Calibration  curves  for  iron,  copper,  cadmium,  and  manganese  are  shown 
in  Figures  23,  24,  25,  and  11  respectively.  From  these  calibrations,  it  can 


CONCENTRATION  (Rpli) 


Figure  23.  Calibration  jor  iron  (0-40  ppb) 
in  seawater  anti  distilled  water 

be  seen  that  analysis  of  samples  of  seawaters  with  concentrations  of  these 
elements  within  the  normal  range  (17)  is  possible  with  acceptable  pre- 
cision. Precision  is  estimated  to  be  better  than  ±10%  above  about  0.1 
ppb  cadmium  and  above  alwiit  2 ppb  for  the  other  elements.  The  18 
successive  injections  of  40  ppb  of  copper  in  seawater  shown  in  Figure  21 
have  a standard  deviation  of  ±4%.  The  analytical  procedure  is,  there- 
fore, very  simple.  Analytical  conditions  are  set,  and  an  appropriate 
volume  of  acidified  seawater  in  injected. 
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Figure  24.  Calihrotion  for  copper  (0-40  pph) 
in  seawater  and  distilled  water  (hO-ixl.  in;fCfion) 

A number  of  precautions  must  be  observed  to  obtain  accurate  data. 
These  are  necessitated  primarily  by  variability  in  graphite  tubes  and 
degradation  of  these  tubes  during  use.  No  two  tubes  have  precisely  the 
same  surface  properties  and,  for  example,  variations  of  sensitivits'  with 
salinity  (Figures  17  through  20)  are  completely  reproducible  only  in 
form  and  not  iu  absolute  magnitude  from  tube  to  tube.  In  addition, 
sensitivity  declines  slowly  with  tube  use  as  the  tube  surface  is  degraded. 
Fortunately  the  sensitivity  loss  is  linear  for  at  least  the  early  part  of  a 
graphite  tube  life  (Figures  26  and  27)  and  can  be  easily  calibrated. 
Loss  of  sensitivity  increases  rapidly  and  reproducibility  decreases  dra- 
maticallv  at  the  end  of  the  tubes  useful  life.  Tubes  are  discarded  before 


(ppb) 

Figure  25.  Calibration  for  cadmium  (0-1 
ppb)  in  seawater  (5-pl.  injection) 
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this  rapid  di-torioration  In-niiis.  Tube  lifetimes  vary  slinhtly  from  one 
to  another,  hot  vary  more  with  eJ)aii>>es  in  sample  matrix,  and  analytieal 
eonditions.  The  followin;'  steps  are,  therefore,  adopted  to  ensure  aceurate 
results. 

1.  Each  .sample  is  injected  at  least  twice  or  until  replication  of  out- 
put [leaks  is  better  than  a desired  precision  level  (usually  ±10%  ). 

2.  A series  of  standards  of  various  concentrations,  spiked  into  one 
of  the  seawater  samples,  is  run  to  establish  a calibration  curve  with  each 
new  tube. 

3.  An  intermediate  concentration  standard  is  reanalyzed  after  ap- 
proximately every  20  injections,  to  calibrate  sensitivity  drift. 

4.  Samples  are  grouped  within  salinity  ranges  covering  no  more 
than  5/<'o  (smaller  for  low  salinity  samples).  Spiked  standards  are  pre- 
pared in  representative  seawater  samples  from  each  of  these  ranges. 

5.  Sample  and  standard  injection  volumes  are  always  the  same. 

Direct  injection  analysis  for  iron,  manganese,  copper,  and  cadmium 

has  been  successfully  performed  on  more  than  500  samples  of  seawater 
taken  in  the  New  York  Bight  as  p^rt  of  the  National  Oceanic  and  Atmos- 
pheric Administration’s  (NOAA)  Marine  Eco.vystem  Analysis  (MESA) 
Program.  Although  the  instrumental  analysis  is  tedious,  no  problems 
have  been  incurred  in  this  routine  process.  Approximately  50-100  sam- 
ples may  be  analyzed  for  one  element  in  a day. 


future  Developments 

The  four  elements  investigated  here  are  by  no  means  the  only 
elements  which  may  be  directly  determined  in  seawater.  Preliminary 
investigations  for  other  elements,  including  As,  Pb,  Zn,  Si,  and  Al,  are 
encouraging  and  will  be  pursued  further.  In  addition,  for  those  elements 
that  cannot  be  directly  determined,  pre-concentration  may  be  carried 
out  before  analysis,  although  this  is  usually  tedious  and  may  lead  to 
contamination  error  (6). 

Biological  tissues  and  sediments  may  be  analyzed  for  many  trace 
elements  by  flameless  atomic  absorption  after  dissolution  (6,  7).  The 
reduced  background  signal  observed  with  the  new  HGA-2100,  compared 
with  its  predecessors,  suggests  that  direct  analysis  for  many  of  these 
elements  may  now  be  possible  in  these  matrices.  'The  sample  may  be 
introduced  either  directly  as  solids  (18)  or,  more  easily,  as  homogeneous 
suspensions  after  ultrasonic  dispersion  in  water  or  solubilizing  media 
(19).  Perhaps  the  most  exciting  future  prospect  for  the  flameless  atomizer 
in  chemical  oceanography  is  its  use  as  a high  sensitivity  specific  detector 
for  gas  and  eventually  liquid  chromatography  (20).  Such  instruments 
may  provide  the  means  for  determining  metallo-organics  such  as  the 
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Figure  26.  Change  of  calibration  for  mangane.ie  (10-40 
ppb)  »n  seawater  with  graphite  tube  use 


alkylated  lead,  mercury,  and  cadmium  compounds  in  environmental 
samples. 

Analysis  of  seawater  for  zinc,  chromium,  and  nickel  has  been  carried 
out  successfully  by  the  techniques  outlined  in  this  paper.  Approximate 
detection  limits  are  0.05  ppb  for  zinc,  0.5  ppb  for  chromium,  and  3.0  ppb 
for  nickel. 


Figure  27.  Linearity  of  calibration  drift  for  manganese 
(10-40  ppb)  in  seawater  with  graphite  tube  use 
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The  strenKth  of  compression  used  to  hold  the  graphite  tube  in  place 
in  the  HGA-2100  atomizer  head  critically  affects  the  tube  life.  Optimiza- 
tion of  this  parameter  has  resulted  in  considerably  slower  sensitivity 
degradation  than  shown  in  Figures  26  and  27.  The  sensitivity  degradation 
is  nevertheless  linear  as  shown. 
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Meteorological  Laboratories,  15  Rickenbacker  Causeway,  Miami,  Fla.  33149 


Simultaneous  collections  were  made  of  water  and  suspended 
sediments  by  an  Inter-Ocean  pump  sampling  system,  Niskin 
bottles  with  internal  rttbber  llosures,  Niskin  bottles  with 
Teflon-coated  coil  springs,’  and  newly  designed  Niskin  bot- 
tles without  internal  closures.  The  samples  were  examined 
for  contamination,  particularly  of  trace  metals.  All  the 
sampling  systems  led  to  some  metal  contamination  of  the 
samples  except  the  new  Niskin  bottles.  However,  each 
system  was  found  acceptable  for  nutrient  analysis.  Because 
of  its  novel  closure,  the  newly  designed  Niskin  bottle  is 
convenient  for  stispcnded  material  analysis.  Samples  may 
be  filtered  directly  from  the  sampling  bottle  without  con- 
tacting the  atmosphere. 


'The  analysis  of  seawater  for  trace  components,  particularly  metals,  is 
a notoriously  difficult  task.  Sophisticated  and  expensive  analytical 
instruments  are  used,  and  many  difficulties  are  incurred  in  the  procedure. 
Considerable  efforts  have  been  exjjended  on  analytical  problems  (1,  2) 
and  problems  of  sample  contamination  from  storage  bottles  and  reagents 
used  for  analysis  (3).  However,  little  attention  has  been  paid  to  the 
problem  of  sample  contamination  during  the  process  of  obtaining  the 
seawater  sample  from  the  ocean.  Solving  the  analysis  problems  is  of 
little  use  if  uncontaminated  samples  cannot  be  obtained.  In  a separate 
paper  in  this  volume,  a new  analytical  technique  is  described,  which 
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eliminates  the  worst  of  the  analytical  problems  for  several  elements  (4). 
These  new  methods  were  developed  for  use  in  the  National  Oceanic  and 
Atmospheric  Administration's  (NOAA)  Marine  Ecosystem  Analysis 
(MESA)  Project  and  for  studies  of  water  column  chemistry  over  mid- 
ocean ridges.  This  paper  describes  a parallel  effort  to  test  sampling 
systems  for  trace  metal  contamination  and  to  develop  a sampling  pro- 
cedure which  minimizes  contamination. 

Sampling  Systems 

Two  basically  different  systems,  pumps  and  sampling  bottles,  are 
used  to  obtain  seawater  samples.  Bottles  such  as  the  Nansen,  Niskin, 
National  Institute  of  Oceanography  (NIO),  and  Van  Dorn  samplers  have 
been  used  extensively  throughout  the  world  ocean.  Pumping  systems  have 
been  used  less  frequently,  usually  only  in  shallow  water  and  when  large 
volume  samples  or  continuous  profiles  are  required.  A review  of  the 
literature  reveals  that  little  has  been  published  regarding  contamination 
of  samples  from  sampling  bottles.  Cooper  (5),  in  reviewing  the  prob- 
lems of  seawater  sampling,  pointed  out  that  contamination,  particularly 
from  metal  and  rubber  components  of  the  samplers,  was  a serious  prob- 
lem. Subsequently,  sampling  bottles  made  from  polyvinyl  chloride 
(PVC)  were  almost  universally  adopted  for  trace  metal  analysis.  Unfor- 
tunately, the  standard  versions  of  such  sampling  bottles  all  use  either 
rubber  end  caps  or  rubber  “springs”  inside  the  bottle  as  a closure  mecha- 
nism. The  most  widely  used  sampler,  the  Niskin  Ixittle,  has  silicone 
internal  rubber  closures  that  pass  through  the  sampler  ami  remain  in 
contact  with  the  sample  after  the  bottle  is  closed.  Such  silicone  rubber 
is  reported  to  give  off  considerable  quantities  of  zinc  to  solution.  In  addi- 
tion, the  rubber,  particularly  when  new,  gives  off  large  quantities  of 
particles  to  the  water  sample  during  the  closing  proci'ss  (6).  To  solve 
this  problem  many  researchers  adopted  a Teflon-coated  stainless  steel 
coil  spring  to  replace  the  rubber.  Unfortunately,  no  investigation  of  the 
contamination  generated  from  this  spring  has  been  reported.  However, 
Teflon  is  known  to  be  porous,  particularly  in  thin  coatings  or  films,  and 
the  coatings  themselves  tend  to  crack  with  even  very’  limited  use. 

Faced  with  these  sampler  problems,  a new  design  of  PVC  Niskin 
bottle  was  constructed  which  eliminated  the  internal  closures  (7).  This 
bottle  ( Figures  1 and  2 ) is  designed  to  be  closed  from  the  outside.  The 
top  and  bottom  plugs  are  both  loaded  at  the  top  of  the  liottle  before 
lowering.  Upon  triggering,  the  bottom  plug  free  falls  within  th.e  bottle 
until  it  closes  the  bottom  end  of  the  bottle  by  resting  on  an  0-ring  seal. 
The  fop  plug  is  pulled  info  place  by  three  tensioned  lafe.v  rubber  bands 
outside  the  bottle  and  then  locked  in  place  by  three  spring-loaded  cams. 
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Figure  1.  Top  drop  Sokin  bottle  Figure  2.  Top  drop  Siskin  bottle 
closed  loaded 

The  sample  tluis  comes  in  contact  only  with  PVC  during  its  time  in  the 
sampler. 

The  pump  sampling  system  used  in  this  study  w'as  an  Inter-Ocean 
OSE.VS  system  (D  which  features  a submersible,  multi-stage  a.vial  flowr 
pump.  ,\11  metal  parts  of  this  system  are  Teflon  coated  so  that  samples 
may  be  collected  for  trace  metal  analysis. 

Comparisons  of  Sampling  Systems 

Upon  acquisition  of  the  Inter-Ocean  pump  sampling  system,  a series 
of  seawater  samples  was  collected  from  New  York  Bight  at  10  m depth 
simultaneously  with  the  pump  and  with  Niskin  10-1.  samplers  with  internal 
rubber  closures.  The  samples  were  filtered  through  0.4;i  Nucleopore 
filters.  One  aliquot  was  frozen  for  subsequent  analysis  of  nitrate,  nitrite, 
phosphate,  and  silicate  by  standard  automated  techniques.  A second 
aliquot  was  acidified  to  pH  1 with  silica-distilled,  concentrated  nitric 
acid  and  was  subsec|uently  analyzed  by  flameless  atom  reservoir  atomic 
absorption  .spectrophotometry,  both  by  direct  injection  (4)  and  after 
extraction  of  the  metal  pyrollidine  dithiocarbamates  with  methyl  isobutyl 
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Table  I.  Comparison  of  Pump  and 


Phosphate 
( M at/I) 

Nitrole 
(no  al  l) 

Nitrite 
(ng  al/l) 

Silicate 
( M at  1) 

Stalion 

Pump 

Niskin 

Pu  mp 

Niskin 

Pump 

Niskin 

Pump 

Niskin 

s 

G 

0.70 

0.C9 

3.0 

2.9 

0.21 

0.26 

<0.2 

<0.2 

8 

1.2 

1.4 

7.8 

9.6 

0.04 

1.1 

5.2 

6.3 

12 

0.G4 

0.58 

2.G 

2.2 

0.14 

0.10 

0.2 

<0.2 

13 

0.02 

0.76 

3.1 

3.0 

0.30 

0.30 

<0.2 

<0.2 

22 

0.78 

0.74 

3.5 

3.5 

0.50 

0.51 

0.2 

0.2 

25 

0.G3 

0.64 

2.6 

2.5 

0.28 

0.28 

0.5 

0.4 

• Niskin  bottle  with  internal  closures 


ketone  (9),  The  results  of  these  analyses  are  shown  in  Table  I.  It  is 
readily  apparent  either  that  no  nutrient  contamination  or  loss  occurs  with 
either  sampling  system  or  that  any  contamination  or  loss  is  identical  in 
each  system.  This  second  possibility  is  unlikely  because  of  the  consider- 
able differences  in  the  two  systems.  The  same  conclusion — that  neither 
sampler  contaminates  the  sample — may  be  reached  for  manganese.  How- 
ever, for  copper,  to  a lesser  extent  for  nickel,  and  possibly  for  iron,  the 
pump  system  contaminated  the  sample. 

In  light  of  the  above  data,  use  of  the  pump  system  was  discontinued, 
and  a Niskin  Rosette  sampler  (Figure  3)  was  used  to  perform  a com- 


Figure  3.  Rosette  sampler  with  lO-l.  top 
drop  bottles 
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Niskin  Bottle*  and  Collected  Samples* 


Xickel 

(Wi'kij) 


I‘ump 

Siskin 

4.7 

4.t) 

2.8 

2.0 

2.4 

I.O 

1.4 

0.7 

1.4 

I.O 

0.7 

0.4 

0.0 

0.7 

M iitKjiinese 


I‘ump 

Siskin 

0.1 

5.0 

3. .5 

I.O 

O.'u 

0.50 

0.02 

0.02 

O.OH 

0.72 

0.51 

0.40 

0.58 

0.00 

Iron 

(Wj/k(j) 


I'ump 

Siskin 

no 

115 

412 

131 

43 

32 

22 

10 

37 

37 

09 

55 

24 

23 

Copper 

(WJ'kg) 


Pump 

Siskin 

17.4 

3.8 

17.0 

2.3 

15.3 

1.4 

13.1 

1.2 

13.7 

1.3 

11.3 

0..59 

11.7 

0.00 

‘ Average  of  iluplieaie  samples 


parison  among  three  Niskin  bottles — one  with  rubber  internal  closures, 
a second  with  an  internal  Teflon-coated  coil  spring,  and  a newly  designed 
“top  drop"  bottle  with  no  internal  closures.  Samples  were  collected  with 
these  three  samplers  simultaneously  at  10  m depth  at  a station  several 
miles  oflF  the  New  Jersey  and  Long  Island  shores.  Immediately  upon 
recovery,  duplicate  aliquots  of  water  were  drawn  from  each  of  the  bottles, 
filtered  through  a 0.4  p Nuclepore  filter,  and  acidified  to  pH  1 with  silica- 
distilled  nitric  acid.  The  Niskin  bottles  containing  the  remainder  of  the 
samples  were  then  allowed  to  stand  for  3 hr  in  the  ships  laboratory  when 
a second  set  of  duplicate  aliquots  was  withdrawn,  filtered,  and  acidified. 
The  samples  were  analyzed  for  iron  and  zinc  by  direct  injection  flameless 
atomic  absorption  spectrophotometry  (4).  The  results  are  presented  in 
Table  II.  The  analytical  precision  for  these  analyses  is  better  than  ±10% 
as  determined  from  multiple  analyses  of  replicate  samples.  .\s  was  ex- 
pected from  previous  experience,  the  internal  rubber  closure  bottle  clearly 
contaminates  the  sample  with  zinc.  Unexpectedly,  however,  it  also  con- 


Table  II.  Comparisons  of  Samples  Collected  by 
Three  Designs  of  Niskin  Bottle 


Top  Drop 

Silicone 

Rubber 

Spring 

Teflon- 
C oated 
Coil  Spring 

Drawn  immediately 

Iron  {pg  kg)  “ 
23 

55 

28 

Drawn  after  3 hr  in  bottle 

20 

33 

23 

Drawn  immediately 

Zinc  (pg  kg)  ‘ 
1.3 

0.2 

1.6 

Drawn  after  3 hr  in  bottle 

1.1 

0.0 

2.7 

• Kaoh  numlwr  represents  the  average  of  multiple  analyses  (more  than  three)  of  each 
of  duplicate  sample.^. 
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taminales  the  sample  with  iron.  Possibly,  this  iron  is  in  the  form  of  very 
fine  particles  which  pass  through  the  Nuclepore  filtei.  This  hypothesis 
is  supported  by  the  much  larger  drop  in  iron  concentration  with  time  in 
this  than  in  both  of  the  other  bottles.  This  drop  in  “dissolved”  iron  con- 
centrations is  probably  caused  by  agglomeration  of  colloids  which  become 
large  enough  to  be  retained  by  the  filter.  Newly  formed  colloidal-sized 
iron-containing  particles  generated  from  the  rubber  springs  would  be 
e.xpected  to  agglomerate  at  a faster  rate  than  the  already  aged  material 
present  naturally. 

The  use  of  a coil  spring,  whose  new  Teflon  coat  was  not  visibly 
damaged,  contaminates  the  sample  with  small  but  significant  amounts  of 
both  dissolved  iron  and  zinc.  Of  particular  interest,  is  the  increase  in 
zinc  concentrations  with  time  in  all  but  the  top  drop  bottle.  Apparently, 
zinc  continues  to  “dissolve”  from  the  coil  spring  and  possibly  the  rubber 
after  closure,  suggesting  that  deep  ocean  samples  may  be  more  contami- 


Figure  4.  Top  drop  Niskin  bottle  with 
sruip-on  pressure  fittings  for  filtration 
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nated  than  shallow  samples  because  of  the  longer  residence  time  of  water 
in  the  bottle.  The  loss  of  zinc  over  the  3-hr  period  in  the  top  drop  bottle 
is  small  and  only  marginally  significant  compared  with  the  analvtical 
error.  If  the  loss  is  real,  then  it  may  indicate  that  some  zinc  is  associated 
with  an  actively  precipitating  phase  such  as  that  apparently  remoxing 
the  iron. 

The  top  drop  bottle  is  superior  to  other  available  bottles  with  respect 
to  its  lack  of,  or  at  least  minimized,  sample  contamination  for  some  trace 
metals.  The  top  drop  bottle  has  the  additional  advantage  that  it  may  be 
internally  pressurized,  permitting  the  seawater  sample  to  be  filtered  with- 
out transfer  to  another  container.  This  minimizes  the  risk  of  contamina- 
tion of  the  water  and  particularly  of  the  filter  by  the  ship’s  atmosphere 
or  other  extraneous  sources.  A snap-on  fitting  has  been  developed  so  that 
a filter  head  containing  a filter,  preloaded  in  a dust-free  atmosphere,  may 
be  attached  to  the  petcock  of  the  top  drop  bottle.  A gas-tight  nylon 
fitting  is  installed  on  the  top  drop  in  place  of  the  air  vent  of  normal 
Niskin  samplers.  A supply  of  filtered  inert  gas  at  excess  pressures  up  to 
1 atm  is  then  coupled  to  this  fitting  and  the  water  sample  filtered  without 
ever  contacting  the  ambient  atmosphere  (Figure  4). 

Top  drop  bottles  were  successfully  and  routinely  operated  on  a 
Rosette  system  and  on  normal  hydrowires  during  several  cruises  of  the 
MES.\  New  York  Bight  Project.  Loading  and  handling  of  the  Irottles  is 
minimally  more  difficult  than  for  the  older  designs.  They  may,  therefore, 
be  used  without  difficulty  in  place  of  the  older  design  for  collection  of 
samples  for  other  than  trace  metal  analysis.  The  use  of  such  bottles  for 
trace  metal  or  suspended  particulate  chemistry  would  appear  to  be 
indicated. 
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ABSTRACT 

lOI’I’  and  AOML  Ijotlom  pressure  measurements  at  four  MODK  stations  constitute  a unique  set  of  deep- 
sea  tidal  measurements  (althounh  deployed  for  other  pur|)oses).  A response  analysis  relative  to  a Bermuda 
reference  has  been  optimized  with  regard  to  the  number  of  complex  weights  and  the  makeup  of  gravitational 
and  radiational  inputs.  Duplicate  instrumentation  on  EDIE  capsule  gave  32.067,  2.5°;  32.074,  2.6°  for  Mj 
amplitude  (cm)  and  Greenwich  epoch,  thus  attesting  the  reality  of  measured  small  station  dijferences  (order 
1 cm,  1°).  Mj  tidal  currents  (calculated  from  the  Mj  surface  and  bottom  slopes)  have  ti  and  v speeds  of  0.5 
and  0.8  cm  s“*,  respectively,  in  rough  agreement  (both  amplitude  and  phase)  with  preliminary  estimates 
from  current  measurements.  Mr  and  Kt  tides  are  in  accord  with  some  existing  cotidal  and  co-range  charts. 

Ml  tides  are  a fraction  of  eciuilibrium  magnitude,  whereas  M,,  Mo  and  Ms  (ty|)ically  0.07,  0.05,  0.03  cm) 
vastly  exceed  e(|uilibrium  values.  Presumably  these  overtides  are  generated  i>y  nonlinear  coupling  in  the 
world’s  shallow  basins,  from  where  they  radiate  into  the  global  oceans  to  attain  a level  where  radiative  and 
dissipative  processes  are  somehow  balanced. 


1.  Introduction 

Measurements  of  bottom  pressure  during  the  MODF 
(Mid-Ocean  Dynamics  E.xperiment)  experiment,  March 
to  July  197.3,  were  for  the  purpose  of  studying  mesoscale 
eddies,  and  accordingly  the  emphasis  was  on  periods 
longer  and  length  scales  much  shorter  than  those  typical 
of  tides.  In  fact,  one  premise  underlying  the  experiment 
was  that  the  “tidal  noise”  could  be  elTectively  elimi- 
nated from  the  records  (Brown  el  a!.,  197.S).  In  ac- 
complishing this  mission,  we  have  jrerformed  a unique 
experiment  of  simultaneous  deep-sea  tide  measure- 
ments. Information  concerning  instrumentation  and 
e.xperimental  procedures  has  been  described  separately 
(Snodgrass  el  al.,  1975). 

2.  Bermuda  reference 

The  response  method  (Munk  and  Cartwright,  1966) 
was  used,  following  tite  pre-cedure  by  Cartwright  el  al. 
(I%9)  for  the  analysis  of  relativel)’  short  deep-sea 
records.  This  involves  a two-step  analysis:  (i)  the 
tran.sfer  functions  of  a reference  station  relative  to  the 
tidal  potential,  and  (ii)  the  transfer  functions  of  the 
deep-sea  records  relative  to  the  reference  station. 

The  19.50-60  tide  record  at  Bermuda  was  used  to 
derive  the  transfer  functions  relative  to  the  input  po- 
tentials; these  transfer  functions  subsequently  served 

' MODE  Contribution  No.  16. 

’ Institute  of  Geophysics  and  Planetary  Physics,  Scripps 
Institution  of  Oceanography,  University  of  California,  Ea  Jolla 
92037. 

* Atlantic  Oceanographic  and  Meteorological  [.aboratories, 
NOAA,  Miami,  Fla.  33149. 


as  a basis  of  a Bennuda  tide  prediction  for  the  MODE 
period.  Table  .\  (.\ppendi.x)  shows  the  results^  of  a 
combined  analysis  of  three  .355-day  series  equally 
spared  in  a period  of  lunar  perigee  (8.85  Julian  years). 

3.  MODE  transfer  functions 

Transfer  functions  and  harmonic  constants  for  the 
seven  deep-sea  data  series^  are  given  in  Tables  B to  H. 
Table  1 is  a summary  of  principal  constituents  for  the 
live  series  exceeding  one  month  (thus  excluding  MERT 
and  ED1F.-M.\RCT1).  The  transfer  functions  are  based 
on  two  com|)le.\  weights  (0,  —2  days)  for  diurnal  con- 
stituents, and  three  complex  weights  (0,  ±2  days)  for 
semidiurnal  constituents  (see  below).  ”Grav-|-rad”  and 
"grav  only”  refer  to  separate  analyses  with  regard  to 
the  nongravitational  (radiational)  solar  effects;  we 

* .After  all  of  the  MODE  tide  analyses  were  completed,  a small 
error  was  found  in  the  analysis  of  the  diurnal  tides  at  Bermuda, 
Inasmuch  as  the  variation  was  used  consistently  in  arriving  at 
both  the  Bermuda  harmonic  constants  and  the  Bermuda  predic- 
tion for  the  MODE  period,  the  accuracy  of  the  MODE  tide 
analyses  is  not  alTeetcd.  For  the  record.  Table  .A  values  and  cor- 
rected values  (in  parentheses)  are  as  follows: 


11  (cm) 

G (deg) 

Qg 

1.13  (1.13) 

188.2  (186.6) 

O,; 

5..30  (5  .30) 

192.0  (192.1) 

P,: 

2.02  (2.01) 

187.7  (187.8) 

K,: 

6..S6  (6  .55) 

187,1  (187.0) 

* IGPl’  (Institute  of  Geophysics  and  Planetary  Physics,  Uni- 
versity of  California,  San  Diego)  sea-Hoor  pressure  series  are 
named  REIKO  MAY,  MERT,  EDIE-MARCH,  EDIE-MAV  PI, 
and  EDIE-MAV  P2.  .AOML  (.Atlantic  Oceanographic  and 
Meteorological  Lalwratories,  Miami,  Fla.)  series  are  named 
AOML  I and  AO.ML3. 
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Tahle  1.  Admittances  and  tidal  constants:  K is  amplitude  ratio,  ((.  station  lead  (deg)  relative  to  Bermuda,  //  amplitude  (cm),  ami  (i 
Greenwich  epoch  (deg).  The  frequency  (cycles  per  day)  is  given  at  the  head  of  each  column. 


Grav+rad 

Gray  only 

O, 

0.930 

K, 

1.003 

(X.) 

1.895 

M, 

1.932 

(S.) 

2.000 

M, 

1.932 

(S.) 

2.000 

.AOML3 

1.142 

1.138 

0.956 

0.943 

0.877 

0.943 

0.752 

.AOMI.l 

1.1S6 

I.I80 

0.983 

0.967 

0.877 

0.967 

0.764 

KEIKO 

1.174 

1.187 

1.003 

0.970 

0.838 

0.%9 

0.706 

EDIE  .MAY  PI 

1.172 

1.196 

0.921 

0.*XKK) 

0.787 

0.900 

0.666 

EDIE -.MAY  P2 

1.180 

1.184 

0.920 

om)2 

0.782 

0 900 

0.663 

.AO.MU 

-4.9 

-6.8 

0.2 

-0.6 

- 7.3 

-0  6 

- 9.1 

.AO.MEl 

-5.6 

-7.6 

-2.1 

-2.3 

- 6.6 

-2.3 

- 8.2 

REIKO 

-4.0 

-7.4 

-1.4 

-2  4 

- 8.5 

-2.4 

-12.6 

EDIE  M.AY  PI 

-7.9 

-10.3 

-3.8 

-4.2 

-10.3 

-4.1 

-13.5 

EDIE-MAY  P> 

-8.0 

-10.2 

-4.0 

-4.3 

-10.1 

-4.3 

-13.3 

.AO.M1.3 

6.05 

7.47 

7.82 

33  60 

7.09 

33.60 

6.08 

.AOMI.l 

6.13 

7.74 

8.04 

34.45 

7.08 

34.45 

6.17 

REIKO 

6.22 

7.79 

8.20 

34.57 

6.77 

34.53 

5.70 

EDIE-M.AY  PI 

6.21 

7.84 

7.54 

32.067 

6.35 

32.07 

5.38 

EDIE  .MAY  P2 

6.25 

7.77 

7.53 

32.074 

6.32 

32.07 

5.36 

.AO.MU 

196.9 

193.9 

337.5 

358.9 

31.5 

358.9 

333 

•AO.Ml.I 

197.6 

194.7 

339.8 

0.6 

30.8 

0.6 

32.4 

REIKO 

196.0 

194.5 

339. 1 

0.7 

32.7 

0.7 

36.8 

EDIE-MAY  PI 

IW.9 

197.4 

341.5 

2.5 

34.5 

2.4 

37.7 

EDIE-MAY  P2 

21K).0 

197.3 

341.7 

2.b 

34.3 

2.6 

37.5 

prefer  the  gruv+rad  values.  In  the  past,  the  choice 
of  the  number  of  weights  and  the  treatment  of  radia- 
tional  tides  have  been  subjective.  On  the  basis  of 
MODhi  and  other  recent  measurements,  Zetler  and 
.Munk  (1975)  have  established  some  criteria.  Here  we 
shall  give  a brief  review  of  how  the  selection  was  made. 

a.  Weights 

In  the  response  analysis,  the  measured  series  is 
approximated  (in  the  least-square  sense)  as  a weighted 
sum  of  the  reference  series  for  various  leads  or  lags. 
For  example,  a single  complex  weight  (l  + Ot)  for  zero 
lag  corresponds  to  identical  series;  0+2)  corresponds 
to  a measured  scries  in  quadrature  with  the  reference 
series  and  of  twice  its  amplitude.  The  vertical  lines 
(solid  and  dashed)  in  the  bottom  left  corner  of  Fig.  1 
show  a diurnal  amplitude  ratio  of  1.18  and  ph.ase  lag 
of  8°  of  KDIK-MAV  PI  relative  to  Bermuda,  obtained 
for  a single  (complex)  weight. 

Munk  and  Cartwright  (1966)  recommend  lag  inter- 
vals of  2 days.  For  two  complex  weights  (lags  0,  2 days) 
the  admittance  is  now  a smoothly  varying  function  of 
frequency : c.g.,  the  amplitude  ratio  and  phase  lag  are 
somewhat  larger  at  higher  frequency  for  the  diurnals 
(see  also  ()i  and  Ki  in  Table  1).  For  adrlitional  weights, 
the  admittances  become  increasingly  more  wiggly,  in 
part  (one  surmises)  as  a result  of  the  noise  content.  The 
trick  is  to  terminate  when  one’s  credo  on  the  .smoothness 
of  oceanic  admittances  is  violated. 

To  obtain  objective  criteria,  the  series  was  divided 
into  sections  .A  and  B.  The  top  left  panel  gives  the 


variance  in  the  residual  of  section  A predicted  from  an 
analysis  of  and  B,  respectively.  For  self -prediction 
(A  residuals  from  A weights)  one  expects,  and  finds, 
that  the  residuals  diminish  with  increasing  number  of 
weights.  However,  after  three  weights,  the  improve- 
ment is  slow  and  one  suspects  that  the  analysis  is  re- 
sponding more  to  noise  than  to  signal.  .At  approximately 
that  point  one  ex])ects,  and  finds,  that  A residuals  from 
B weights  should  deteriorate.  The  results  are  similar 
for  B residuals,  except  that  the  overall  residual  is  lower. 
( )n  this  basis  the  tlecision  was  made  to  stop  at  two 
Weights.  For  the  semidiurnal  tides  the  “turning  point” 
is  a bit  later,  hence  the  decision  to  stop  at  three  weights. 
The  decisions  are  in  general  accord  with  the  wiggliness 
of  the  admittances,  taking  into  account  also  the  re- 
semblance between  admittances  from  .A  and  B residuals. 

h.  Radiational  tides 

Kadiational  tides  are  periodic  variations  in  sea  level 
l)rimarily  related  to  meteorological  changes  such  as  the 
.semi-daily  cycle  in  barometric  pressure  and  dail,v  land 
and  sea  breezes.  These  cyclical  variations  match  the 
frequencies  of  solar  (not  lunar)  gravitational  tidal  con- 
stituents. Cartwright  (1966)  and  Zetler  (1971)  found 
the  average  ratio  of  radiational  amplitude  to  gravita- 
tional am|)litude  at  the  Ss  frequency  to  be  about  0.17. 

The  bandwidths  of  the  radiational  tides  are  much 
narrower  than  those  of  the  gravitational  tides,  essen- 
tially covering  tidal  lines  separated  by  cycles  [>er  year 
(cpy)  rather  than  cycles  per  month  (cpm).  Further- 
more, the  relative  amplitudes  within  the  1 cpm  range 
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are  quite  different  for  gravitational  and  radiational 
tides.  In  particular,  equilibrium  K2/SJ  (grav)  is  0.27, 
whereas  the  rad  ratio  is  0.00.  \ response  analysis  for  a 
sufficiently  long  record  (as  the  10-year  Bermuda  re- 
cord) satisfactorily  resolves  these  different  bandwidths 
and  amplitude  relationships,  and  the  gravitational  ad- 
mittances across  tidal  bands  are  expected  to  be  smooth. 
Inasntuch  as  tradiiitinal  tidal  analysis  for  any  length 
of  series  and  response  analysis  for  short  series  cannot 
distinguish  between  gravitational  and  radiational  con- 
tributions to  a constituent,  but  instead  solve  for  their 
vectorial  sum,  discontinuities  in  admittances  at  the 
Sj  frequency  are  inevitable.  In  fact,  Zetler  (1971)  used 
these  discontinuities  as  a simple  means  of  calculating 
the  radiational  S-.  from  harmonic  constants  computed 
by  traditional  analysis. 

Gravitational  and  radiational  weights  were  resolved® 
for  the  Bermuda  record  and  separate  gravitational  and 
radiational  predictions  were  prepared  for  the  MODE 
period.  Given  these  reference  predictions  for  Bermuda, 
there  are  three  options  for  analyzing  the  MODE  data: 
(i)  compute  gravitational  and  radiational  admittances 
separately  in  a combined  analysis;  (ii)  use  the  gravita- 
tional predictions  onl\';  and  (iii)  sum  the  gravitational 
and  radiational  predictions  for  each  species  and  use  the 
summed  complex  predicted  series  as  reference. 

.Ml  three  methods  were  tried.  Eor  the  first  case,  it 
quickly  became  evident  that  a much  longer  deep-sea 
series  was  required  (probably  10  years)  to  separate 
gravitational  and  radiational  contributions.  .An  un- 
stable matrix  in  solving  for  the  weights  resulted  in 
some  absurd  results  (such  as  a predominance  of  radia- 
tional tides).  .An  extrajxtlation  was  made  from  the 
(lunar)  N'l  and  Mj  frequencies  to  the  (solar)  S2  fre- 
quency to  determine  the  extent  of  the  discontinuity 
at  the  latter  frequency,  using  both  the  second  and 
third  options  with  EDIE-.M.A^■  IM  (Table  1): 


Ni 

Ml 

S, 

I-ri-- 

1.89.S 

1.932 

2.000 

quency 

Extra- 

Grav 

(irav 

(cp<l) 

|)olate<l 

-t  rad 

only 

R 

0.92 

0.90 

0.86 

0.79 

0.67 

<i> 

-.1.8° 

-4.2° 

-4.9° 

- 10.3° 

‘Only  the  gravitational  admittam cs  are  listed  in  Table  .A.  The 
(gravitational  and  radiational  constants  and  their  sums  arc  as 
follows : 


Gravitational 

Radiational 

Sum 

II 

0 

II 

C, 

II 

a 

(cm) 

(deg) 

(cm) 

r«ic«) 

(1  m) 

(deg) 

r. 

2.16 

187.7 

0 l.S 

5.9 

2.01 

187.8 

K, 

6.70 

1870 

0.1. s 

.3.9 

6.55 

187.0 

St 

9.26 

21.7 

1.24 

185.3 

8.08 

24.2 

K, 

2.31 

21  9 

0.11 

185.3 

2.21 

22.7 

In  a compari.son  of  the  Bermuda  harmonic  constants  with  those 
obtained  for  a different  period  by  traditional  harmonii  analysis 
(IHB  Spec.  Publ.  No.  26.  Sheet  600),  the  discrepancies  in  ampli- 
tude are  leas  than  4'^'c,  in  epoch  less  than  2°. 


Tahi.e  2.  Ratio  of  residual  to  recorded  variance. 


Station 

AOMU  AOMU 

REIKO 

EDIK- 
.MAV  PI 

EI)IE- 
.VI A V P2 

Total  (0  to  12  cpd) 

K^rav  + rad  0.00931  0.0I33« 
grav  only  0.00937  0.01340 

0.0048.3 

0.(K)485 

0.00680 

0.00680 

0.00948 

0.«)949 

Diurnal  (I  (pd±4i  cpm) 
grav-hrail  0.00207  0.(K)212 
grav  only  0.00206  0.00192 

0.00051 

0.(XK)54 

0.00107 

0.00105 

0.00135 

0.00136 

Semi  diurnal  (2  cp<l±4^  cpm) 
grav  + rad  0.00066  0.0(K)5| 
grav  only  0.00068  0.0(K)56 

0.00014 

0.00019 

0.(XX)20 

0.0(K)22 

0.0(X)21 

0.0(X124 

The  discontinuity  is  smaller  for  the  grav-frad  option. 
I'tirthemiore,  residual  variances  for  grav-f  rad  are  gen- 
erally somewhat  smaller  than  for  grav  only  (Table  2). 
The  better  results  with  the  grav+rad  option  indicate 
a common  origin  for  Bermuda  and  .MODE  radiational 
tides,  with  a similar  relation  to  the  gravitational  tides. 
We  would  expect  the  grav  only  procedure  to  be  superior 
if  Bemiuda  radiational  tides  were  the  result  of  (i)  local 
effects  such  as  diurnal  winds  from  island  heating,  or 
(ii)  inverted  barometer  response  to  atmospheric  pres- 
sure (absent  from  bottom  pressure  readings).  Evi- 
dently this  is  not  the  case. 

f.  Admittance 

Inasmuch  as  the  transducers  for  EDIE  PI  and  P2 
were  only  10  cm  apart,  a comparison  of  the  two  records 
is  a measure  of  reproducibililv'  of  results  (Snodgrass 
et  al.,  1975).  Eor  .M2  the  admittances  differ  by  only 
2XU)~‘  in  amplitude  and  0.1°  in  phase.  For  the  four 
diurnal  tidal  constituents  listed,  the  amplitude  dis- 
crepancy is  always  less  than  1%  (the  largest  being 
0.07  cm  for  Ki)  and  the  phases  all  agree  within  0.1°. 

Changes  between  constituents  within  each  species 
(relative  to  Bermuda)  are  smooth.  Wc  find  that  for 
Oi  and  Ki  relative  amplitudes  at  any  one  station  are 
within  2%,  relative  phases  within  3°;  for  N2  and  M2 
the  values  are  3%  and  1°.  Yet,  the  Bermuda  reference 
(Table  .A)  shows  marked  variation  across  the  semi- 
diurnal band,  possibly  the  result  of  a free  mode.  The 
evidence  is  for  a resonance  of  large  areal  extent,  rather 
than  highly  localized. 

The  satisfactory  agreement  at  one  site  assures  us  of 
the  reality  of  the  small  difference  between  REIKO  near 
the  central  mooring  (28°(X)'N,  69°40'W)  and  EDIE- 
MAA'  about  150  km  to  the  south-southeast,  a small 
separation  when  reckoned  in  tidal  dimensions.  (The 
locations  of  all  bottom  pressure  sensors  are  shown  in 
Fig.  2).  The  reasonable  fit  between  the  ham.onic  con- 
stants for  REIKO  and  .AOMLl,  roughly  20  km  apart 
near  the  central  mooring,  encourages  us  to  discuss 
jointly  results  from  the  IGPP  and  AOML  data.  Never- 
theless, even  though  there  is  no  obvious  calibration 
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Kio.  1.  .Vnalysis  nf  variamc  for  KI)II‘.-M.\\'  PI . The  left  upper  panel  Rives  the  ratio  of  residual  to  recorded  diurnal  variance  for  the 
first  29  days  (record  .\),  with  prediaion  weiRhts  lased  on  the  record  (self  preriiction)  and  B record  (last  29  days),  respectively.  The 
rcniainioR  up[>er  panel  Rives  the  II  residuals  and  iorres(HindinR  semidiurnal  ratios.  In  each  case  the  dashed  lines  refer  to  “self-predic- 
tions," the  solid  lines  to  future  (B  residuals  from  weiRhts)  or  past  residuals  from  B weiRhts)  predictions,  respectively.  The  lower 
panels  Rive  the  corresjxindinR  amplitude  ratios  (solid)  anil  phase  laRs  (dashed  I relative  to  Bermuda  reference,  as  a function  of  frequency 
(1  cpd±0,  1,  2 cpm  for  diurnals,  2 cpd±0,  1,  2 cpm  for  semidiumals),  for  1,  2,  . . .,  5 complex  weiRhts.  With  increasing  numlter  of 
weights  the  self-predii  tion  residuals  thut  not  necessarily  those  for  the  future  prediitions)  diminish,  and  the  admittances  Ixtcome  in- 
creasingly wiggly. 


dilTerencu  butwi-un  the  Kil’P  ami  .\()M1,  patipes,  it 
seems  prudent  to  use  the  RKIKO,  F.DIK  eaiisules  for 
comparison  between  central  mooring  with  tlie  area  to 
the  south  and  the  .\OMI-l,  .\()ML3  capsules  for  com- 
parison between  central  mooring  with  the  area  to  the 
cast. 

Station  dilTcrcnces  are  consistent  for  dilTerent  con- 
stituents within  each  s|H'cies.  ;\t  the  central  mixirinp 
the  semidiurnal  tides  are  about  8%  larffer  and  2°  earlier 
than  at  KDIF, ; the  diurnal  tides  are  alxnit  ecjual  in 
amplitude  and  3°  4°  earlier  than  at  FDIF.  Comparing 
the  .AO.ML  data,  at  the  central  mooring  the  semidiurnal 
tides  arc  about  2%  larger  and  2°  later  than  at  .V  L3 ; 
the  diurnal  tides  slightly  smaller  and  earlier  at  .\<  )M  L3. 
These  comparisons  imjdy  that  both  the  1 and  2 c|m1 
tides  progress  from  the  northeast,  arriving  first  at 
AOML3,  then  the  central  mixiring,  and  finally  at  KDIK. 

4.  Comparison  with  cotidal  charts 

There  is  a general  impression  that  the  state-of-the-art 
in  preparing  cotidal  and  co-range  charts  leaves  much 


to  be  desired ; certainly  there  are  considerable  varia- 
tions between  published  charts.  Most  charts  deal  with 
only  the  largest  tidal  constituent,  M2,  sometimes  label- 
ing the  chart  as  applying  to  semidiurnal  tides.  Similarly, 
if  a chart  is  designated  "diurnal  tides,”  ordinarily  it 
refers  to  the  Ki  constituent.  Fig.  2 is  a comparison  of 
Dietrich’s  (l‘M4)  charts  for  M2  and  Ki  with  our  long 
series,  .\()ML1  and  3,  KKIKO,  and  F1DIE-M.-\Y  PI 
and  P2. 

a.  \f2  tides 

Dotted  lines  show  our  inference  of  Dietrich’s  0*’15"' 
and  ()’'.K)'"  cotidal  lines.  .\11  four  MODK  stations  and 
Hermiida  lie  between  0*’  and  0’’15'"  lines  (solar  hours, 
not  com|xmcnt  hours),  so  their  Greenwich  ejTochs 
should  be  between  0”  and  7.2°.  The  indicated  Bermuda 
c()och  (from  our  analysis)  is  ,f58.3°  (IHB  sheet  600 
gives  0°).  Dietrich’s  O'"  line  would  need  only  small  dis- 
placements to  fit  the  Bermuda  values.  .\OMLl,  EDIK 
and  RFIIKO  fit  Dietrich’s  chart  and  are  relatively  con- 
sistent; .\()ML3  is  roughly  3°  (6  min  in  time)  early 
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Fig.  2.  Right  panek  show  Dietrich’s  (1944)  lotid 
respectively.  Values  are  in  solar  liours,  with  dashed 
area  falls  within  the  shaded  square  which  is  showi 
parison  with  the  results  at  MODK  stations  (•). 

relative  to  the  other  MODE  epochs  and  to  the  Dietrich 
configuration.  Dietrich  does  not  show  co-range  lines 
and  the  M2  cotidal  lines  are  too  coiniilex  in  this  region 
to  infer  readily  whether  the  M2  amplitudes  are  con- 
sistent with  distance  from  an  amphidrome. 

Although  the  Tiron  et  al.  (1967)  .M2  cotidal  chart  has 
the  XID  (same  as  ()*')  in  a similar  jiosition  and  orienta- 
tion as  Dietrich’s,  one  would  interpret  his  progression 
in  time  in  the  MODE  area  to  be  to  the  northwest, 
contrary  to  Dietrich’s  chart  and  to  the  values  for  three 
MODE  stations.  The  orientation  of  the  Tiron  el  al. 
XID  line  would  call  for  the  At  )ML3  epoch  to  be  between 
the  epochs  of  EDIE  and  the  central  mooring  stations 
(REIKO  and  AOMLl);  thus,  on  this  chart,  too,  the 
AOML3  epoch  seems  to  be  slightly  low  (early).  The 
orientation  and  progression  of  the  Tiron  et  al.  co-range 
lines  call  for  the  largest  MODE  amplitude  at  the  central 
mooring,  as  is  found  to  be  the  case.  A().\1L3  amplitude 
conforms  in  that  its  value  falls  between  those  for  EDIE 
and  the  central  mooring. 

b.  A'l  lilies 

;\ll  stations  are  roughly  2°-3°  early  relative  to  the 
cotidal  lines,  yet  they  are  consistent  in  that  they  pro- 


al lines  in  the  North  Atlantic  for  Ki  and  Mt  titles, 
curves  fiesi^natinj:  our  interpolation.  I'he  M()I)K 
\ on  an  enlarged  scale  in  the  left  panels,  for  tom- 

gress  toward  the  south  southeast  with  spacing  matching 
that  of  tile  inferred  cotidal  lines.  .\s  e.\|>ected,  ampli- 
tudes increa.se  with  distance  from  tlie  am|)hidrome. 

c.  liaroclinic  noise 

In  making  detailed  comparisons  with  cotidal  charts 
it  should  be  recognized  that  the  measurements  contain 
a baroclinic  contribution  of  roughly  1%  amplitude,  J° 
in  |)hase.  The  characteristic  wavelength  of  the  baro- 
clinic tides  is  KKI  km,  and  at  separations  of  several 
hundred  kilometers  the  baroclinic  contribution  to  the 
measured  vector  sum  will  differ  almost  randomly  from 
station  to  station.  This  effect  exceeds  the  instrumental 
noise.  If  we  ma_v  assume  that  barotrojiic  and  baroclinic 
tidal  currents  are  of  the  same  order  (Section  6),  then 
the  pressure  greotients  and  associated  surface  slopes  are 
of  the  same  order,  cm  km“‘  for  M2.  To  obtain 
baroclinic  surface  amplitudes  we  multiply  by  X/2x, 
with  X=  160  km  for  the  gravest  baroclinic  mode.  This 
gives  a near-bottom  baroclinic  amplitude  of  0.3  cm, 
and  for  a random  orientation  the  phase  shift  is  by 
roughly  J°.  If  there  had  been  surface  measurements, 
the  baroclinic  contribution  would  have  been  several 
times  larger. 
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5.  Tides  of  higher  order 

The  high  reproducibility  of  the  principal  tidal  con- 
stituents encouraged  us  to  analyze  MODE  pressures 
for  the  relatively  small  components  of  higher  order. 
These  are  derived  by  the  response  method,  using  the 
equilibrium  potential  Gi  as  reference  function  for  .Ms, 
and  the  nonlinear  input  functions  GlG’^l, 

(rather  than  Cl,  6'^,  C^)  for  .M  j,  Ms,  -Ms,  for  the  reasons 
stated  below.  For  comparison.  Table  3 includes  the 
principal  diurnal  and  semidiurnal  tides,  equilibrium 
amplitudes,  and  some  Bermuda  estimates.  The  ampli- 
tudes for  the  higher-order  tides  at  MODE  stations 
corresjjond  to  total  species  energy  and  therefore  are 
somewhat  higher  than  comparable  values  for  the 
specific  constituents. 

Ms  amplitudes  at  MODE  stations  and  Bermuda 
are  within  a factor  of  2,  and  phases  lie  within  one  octant. 
There  is  nothing  e.xtraordinary  about  this  result  other 
than  the  satisfaction  of  detecting  a 1 mm  constituent 
in  deep-sea  records.  .Amplitudes  are  somewhat  less  than 
the  equilibrium  value,  about  the  same  ratio  as  for  the 
diurnals. 

Ms,  .Ms,  .M«  amplitudes  are  tiny  (typically  0.7,  0.5, 
0.3  mm)  yet  very  much  larger  than  the  equilibrium 
values  (3X10"’*,  4X10“*,  3XI0“*  mm).  One’s  first 
inclination  is  to  attribute  these  results  to  experimental 
noise.  VVe  note  that  IHB  values  are  generally  high, 
perhaps  because  they  include  the  noise  continuum, 
whereas  other  estimates  reflect  only  the  coherent  signal. 
.AOML3  amplitudes  are  generally  higher.  Yet  in  spite 


of  these  inconsistencies  we  believe  the  estimates  for  the 
higher-order  harmonics  to  be  significant,  for  the  reason 
that  phases  are  not  randomly  distributed,  especially  if 
one  allows  for  the  fact  that  distances  between  stations 
are  no  longer  negligible  as  compared  to  wavelengths. 

There  is  then  the  question  as  to  why  the  .M4,  .Mj,  M« 
amplitudes  are  so  much  larger  than  equilibrium  ampli- 
tudes. Garrett  and  Munk  (1971)  (see  also  Gallagher 
and  -Munk,  1971)  have  suggested  that  quadratic  and 
higher-order  interactions  in  the  world’s  shallow  basins 
produce  multiple  frequencies  which  leak  into  the  global 
oceans  and  attain  an  equilibrium  level  for  which  radia- 
tive and  dissipative  processes  are  somehow  balanced. 
For  these  reasons  the  response  method  was  used  with 
double  and  triple  products  of  the  appropriate  semi- 
diurnal and  diurnal  tide  fx>tentials  as  input  functions. 

6.  Inferred  tidal  currents 

Tidal  measurements  at  two  points  determine  the  tidal 
variations  in  the  average  pressure  gradient  between 
these  points,  and  impose  some  conditions  on  the  tidal 
currents.  The  tidal  displacement  of  the  seafloor  (and 
bottom  ])ressure  gauge)  must  here  be  taken  into  account 
(Munk  el  al.,  1970).  We  use  and  f®  for  the  radial 
(upward)  displacement,  relative  to  the  center  of  the 
Earth,  of  the  sea  surface  and  bottom,  respectively; 
f = f®  is  the  surface  displacement  relative  to  the  sea 
bottom,  as  observed. 

The  gravitational  forces  of  the  Moon  and  Sun  are 
conveniently  expressed  in  terms  of  the  equilibrium 


I'ABLE  i.  .Amplitudes  ami  Orcenwiih  epixhs  of  higher-order  tides. 


K 

1 

.M 

1 

Ml 

M. 

Mi 

M, 

II 

(cm) 

(deg) 

II  1. 
(cm)  (tieg) 

II  a 

(cm)  (deg) 

II 

(cm) 

i; 

(deg) 

H 

(cm) 

t; 

(tleg) 

H 

(cm) 

c. 

(des 

K(|uilil)rium 

Normalizetl* 

.fO.9 

— 

6J  2 

0 76 

— 

1 1X10  • 

1 lx  10* 

— 

l.SXIO* 

— 

At  MODK  latitude  28°\ 

11.8 

— 

190 

0.22 

— 

3 0X10-‘ 

— 

3 TXIO-* 

— ■ 

3 4X10-' 

Bermuda 

St.  George  (IHB  p.  «K1) 

64 

189 

iS.h 

(KH) 

0.1.1 

Mi 

0 40 

232 

— 

0.18 

Wunsch  (1972)** 

0 13 

74 

0.16 

260 

— 

— 

— 

— 

Garrett  and  Munk  (1971) 

.16  2 

0 18 

0.08 

MODK*** 

AOMU 

7 S 

194 

.136 

,<5g 

0078 

0 134 

.1.14 

0..S8 

321 

O.ttll 

2.11 

AOMl.l 

7.7 

I9.S 

,14  ,S 

noi 

0 1.11 

01)61 

3.10 

0,021 

277 

0.003 

102 

RKIKO 

7 8 

19.S 

.14  6 

(M>| 

0 1.11 

38 

0074 

278 

00.13 

262 

0 021 

121 

EDIE  .VIAA'  1*1 

78 

197 

.12  1 

(NU 

0 1,16 

40 

0077 

271 

0.0.10 

.102 

oai2 

19 

EDIE  .MAY  I’2 

78 

197 

32  1 

(XU 

0 104 

55 

0074 

2.13 

0.041 

291 

0.019 

.19 

• Using  the  normali/.ation  by  Munk  and  Cartwright  (t*>W)i.  Ki,  Mi  and  Mi  are  fmm  Cartwright  and  Taylor  (1971);  M,,  Mi  and  M» 
are  from  a eomttuler-generated  ;Httential  Uatiiude  fat  tors  are 


(-  n- 


pn+  ntrta-ml'lt 

L 4r  J L(>t  f WI'J 


)>;r  (tos«i 


wrhere  90°  — latitude. 

•*  .Some  values  have  Iteen  motlifietl  in  aiiordanie  with  a recent  i>ersonal  lommunitation 

•••  .Ml,  Ml,  Mi  Ml  are  derived  fro  1 total  species  energy  Ki>ochs  for  Mi.  M,,  Mi  are  for  the  summed  tides  within  the  appropriate 
rpd  Itanils. 
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Table  4.  Computed  and  measured  tidal  currents  • 


ZKTLKk  ET  AL. 


u comjMinent 

Si>eed 
(cm  G 

s-‘)  ((Ipr) 

V lomiMment 

S|>eetl 
(cm  O' 

s“')  (deg) 

From  pressure  gradients 
[Eq.  (4)] 

Hendry  central  mooring 

0.49 

110 

0.80 

2.S8 

Measured 

0.30 

72 

0.31 

2,33 

Barotropic  (0) 

0.60 

110 

0..S.3 

.328 

Baroclinic  (1) 

0.37 

306 

0.64 

184 

(2) 

0.37 

218 

0.36 

108 

Hendry  average,  all  depths 
and  moorings 

0 49 

ior> 

0.38 

299 

• Values  in  f)arentheses  are  modes  obtained  by  a mmle  de- 
composition. 


response 

fr=/»r/g| 

of  surface,  bottom  and  surface  relative  to  bottom,  re- 
spectively, and  this  essentially  delines  Love  numbers 
k,  h {k  allows  for  the  self-attraction  of  the  tidal  bulge). 
The  procedure  does  not  allow  for  non-equilibrium  self- 
attraction and  loading  (Hendershott,  1973). 

The  equations  of  motion  in  the  center-of -earth  system 
are 

d.«-/r=ga,(ff-f*),  a,r+/«=gd.(fr-f'*),  (2) 

where  /=2fl  cos9  is  the  Coriolis  parameter.  We  now  set 

thus  assuming  that  the  bottom  distortion  (unlike  the 
surface)  can  be  adequately  represented  by  the  equilib- 
rium configuration.  It  follows  that  f.  For 

harmonic  oscillations e.\p(—io)/),  Eqs.  (2)  can  be  written 
in  the  bottom-of-the-sea  system  (observation  co- 
ordinates) as 

r«-|  g r-iW,+/d,-t 
LrJ  p—u^L  — /dx  — io>dyJ 

Let  the  real  part  of  f„=  exp—i(ut—G„)  designate 
the  tidal  elevation  at  station  m,  and 

f«.=  (A,e*"*-.'\„e‘"")<r'"‘= 

the  station  inference  between  m and  n.  For  NU,  we 
have  the  following : 

AOMU  AOMU  fi,  EDIF,  REIKO  Tkr 

A (cm)  .U.4S  33.60  1.32  32.07  .34..S7  2.72 

G (deg)  0.6  3S8.9  229.7  2..">5  0.7  338.3 

The  average  tidal  gradient  over  the  MODE  area  has 


been  obtained  from  the  station  differences  according  to 
Ui  = cos^ij+dyf  sind>u)  1 

itiR—  cos0KR+d„S  sin^Ka)) 

with  Lii=218  km,  Leh~  D1  km,  0i3— 3°,  ^er—  102° 
designating  the  appropriate  station  separations  and 
bearings  for  .AOMLl  and  3,  REIKO  and  EDIE.  The 
corres|x)nding  equilibrium  gradients  derived  from 

(■  g=  (24. .19  cm)  sin-ff  e.\p[— i(u)(+2X)] 

are  as  follows : 

d,f.=  R-‘(l-|-2:-A)(2X24.39) 

XsinS  exp[  — i(u)/+2-\+ir/2)] 

k (6) 

d„r,=  R-(l+/t-A)(24..39) 

Xsin29  exp[  — i(uj/-|-2\-4-jr)]. 

where  A- = 0.2^,  A = 0.59  are  the  Love  numbers,  A = 62°  is 
colatitude,  X=  —70°  is  cast  longitude,  and  R the  equa- 
torial radius  of  the  earth.  The  numerical  values  from 
(5)  and  (6)  are 

<i,r 

.4  (cm  km"')  0.6,3X10  • 1. . 37X10  • 0.47X10-*  0. 22X10-* 

333.9 


.4  (cm  km  ') 
G (dcR) 


0.47X10-*  0.22X1O-* 
.30.0  .3200 


•Mj  tidal  currents  were  then  computed  from  (4),  using 
/ = 6.8X  10“‘  s“*.  Listed  with  them  in  Table  4 are  some 
analyses  of  current  records  by  Ross  Hendry,  MIT: 
(i)  the  measured  near-bottom  currents;  (ii)  the  con- 
tributions to  near-bottom  currents  from  various  modes, 
using  a mode  decomposition  of  current  profiles  at  the 
central  mooring;  (iii)  an  average  over  all  depths  and 
for  many  moorings. 

In  principle,  the  currents  computed  from  (4)  are  to 
be  interpreted  as  the  lolal  tidal  current  (barotropic  plus 
baroclinic)  at  the  depth  of  the  array.  The  difficulty  is 
that  the  spacing  between  stations  (^200  km),  though 
small  compared  to  the  barotropic  wavrlength,  is  com- 
parable to  the  baroclinic  wavelength  (X=l()()  km  for 
mode  1),  so  that  the  baroclinic  contributions  are  sub- 
stantially reduced  in  an  average  taken  between  stations. 
We  may  then  look  for  a first-order  agreement  between 
the  computed  values  and  the  barotropic  component 
(whether  derived  from  mode  separation  or  by  averag- 
ing), and  this  is  roughly  what  is  found.  But  the  baro- 
clinic contributions  at  a given  point  are  comparable 
to  the  barotropic  contribution,  as  has  long  been  known, 
and  for  a detailed  comparison  it  would  be  necessary  to 
resolve  the  baroclinic  cotidal  field  by  closel,v  spaced 
stations. 

Acknou’leiigmenis.  This  work  was  supported  by  the 
Office  of  Naval  Research  (Contract  \(XK)14-69-.\-0200- 
6(X)8)  and  the  National  Science  Foundation  (Grant 
N'SF-GX-29052).  We  have  received  helpful  comments 
by  Ross  Hendry  and  Carl  Wunsch. 
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APPKSmX 

Results  of  MODE  Tide  Measurements 
T«H(.r  \ 

Station  : Bermuda  standard  tide  s^uKe  <2"24'\.  (*4®42’\\ 

I ir>t  series  starts  l‘)5(l  May  21  (441652  450171  it 

Seiond  scries  starts  W55  Ma>  2 (467.SOO  4760l*^> 

('oinliin^  solution  using  mcane<i  matrices  Third  series  starts  l^^^O  April  14  (4*’3d72  50189M 

Kefere*tCe;  (Jravitatitina!  and  radiati»»nal  iM»tcntials:  G'i(0,  ±2.  ±4',  (7ji0,  ±2,  ±4t  ''i-O',  C/iiiOi.  A<}tO»,  /^}(0) 


AdmiitancesJ  (Siatiun  kefercncet 


Intervals  1 

epnt  101)36^)011  c|m1) 

Frecjuency 

(c|>d> 

Real 

Imaginarx 

K 

0" 

(deg) 

0.8929346 

0.2221 

-0{M16 

0 2244 

-8  1 

0.9295357 

0.1976 

-0(U21 

0 2020 

-12  0 

0,9()61368 

0.1820 

~ 0 0250 

0 1837 

-7  8 

1.0027379 

0.1823 

-00214 

0 18,15 

-6.7 

1.0393390 

0 1956 

-0  0433 

0 20t)3 

-12  5 

I 8590714 

0 626t) 

0 3772 

0 7314 

310 

1.8956725 

0.6259 

0.2589 

0.6773 

22  5 

1.9322736 

0.5636 

0.0169 

1 7 

1.9688747 

04340 

-0  1248 

0 4516 

- 160 

2 0054758 

0 2677 

-0  1078 

0 2885 

-21  9 

Princi]>al  harmonit  constituents 


Reference  (gravi- 
Station  lational  only) 


I>ec|uen<  > 
(cjhIi 

J/ 

(cm) 

a* 

(deg) 

a 

(cm) 

C* 

(deg) 

(Qi) 

0 8932441 

1 13 

188.2** 

5.02 

0 

o, 

0 9295357 

5 30 

192  0** 

26.22 

0 

ilM 

09972621 

2 02** 

187.7 

12.21 

0 

K. 

1 0027379 

6 .56** 

187  r* 

,16  88 

0 

(No 

1 8959820 

8.18 

337.7 

12.10 

0 

Mt 

1 .9322736 

35.63 

3.58.3 

63.19 

0 

(S,) 

2.00000(X) 

8.08 

24  2 

29,40 

0 

K* 

2.00,547,58 

2.21 

22.7 

8.00 

0 

t (Jreenwich  hours  since  1‘MK)  januarx  1.  0‘‘. 

I Dimensionless. 

* G is  Greenwich  e|MKh,  ^ is  station  lead. 

••  Small  corrccticms  for  those  values  liste«l  in  the  text. 


Taiile  B. 

Station  KKIKO  MAY  Pressure  1 June  5 July  l‘J73  27®58.2'N.  6V«4<)  4'\V 

(6434%  tc»  M4368  (ireenwich  hours  since  1900  January  1 O'') 
Reference.  Bermuda  summed  complex  predicti<m  6”2+6'i  + Af|-f  lO.  —2),  + d).  ±2) 


Principal  harmonic  constituents 

Admittancest  (Station  Reference)  


Intervals  1 

cpm  (0  0.16601 1 c)m1i 

Station 

Reference 

1 recjuenc  y 

0* 

I recjueiuy 

// 

O'* 

// 

C* 

Real 

Imaginarx' 

R 

(degi 

(c}h1) 

(cm) 

ijf*) 

(cm) 

(dfg) 

0 8929346 

M4.59 

-0.0.560 

1 1473 

-2.8 

ig,> 

0 89.12441 

1.10 

191.0 

1 13 

188.2 

0 9295357 

1 1713 

-0  0823 

I 1742 

-40 

Oi 

0929.5.157 

622 

I960 

5.30 

192  0 

0 9661.168 

1 1824 

-0.1172 

1 1882 

-5.7 

(Pll 

0 9972621 

2 40 

194.9 

2.02 

187.7 

10027379 

1.1768 

-0.1.533 

1 18t>8 

-7  4 

K 1 

1 0027379 

7 79 

194.5 

6.56 

187  1 

1 0.P).1390 

1 15.58 

-0  18.12 

1.1702 

-90 

Recorded  variance  85.3  cm’ 
Residual  variance-  0 043  cm’ 

Ratio.  000051 

1 8.590714 

0 9946 

-o.ai72 

0.9953 

-2  1 

1 8956725 

I 0025 

-0.0252 

1 0028 

-14 

(Ni) 

1,89.59820 

8.20 

,139.1 

8 18 

337.7 

1 .93227.16 

0 9<^3 

-0O4(M) 

0 9702 

-2  4 

M. 

I 9322736 

34.57 

0.7 

35.63 

3,58  3 

1 <*688747 

0 <8)20 

-00787 

0 9055 

-5.0 

(S,) 

2noooofx* 

6.77 

,12.7 

808 

342 

200.547.58 

0 8145 

-0  1.131 

0 82.53 

-9.3 

K: 

2 00.547.58 

1.82 

32.0 

2.21 

22.7 

Recorded  variance  674  cm* 
Residual  variance  0 0**8  cm’ 
Ratio:  0.00014 


t Dimensionless. 

* G is  Greenwich  e]MKh,  ^ is  station  lead. 
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Table  C 


Station:  MERT'Pressure  17  March  ! April  I97.t  27*59 .V\.  69*40, 3'\V 

(641741  to  6420K9  Gifen^h  h hour;,  since  1900  January  I 0^) 
Reference:  Bermuda  summed  complex  prediction  6’|.+  (/3*f  A?|  + (0,  - 2>,  CH+Ca-f/f^  <0,  —2i 


Prim 

i}>al  harmonic 

constituents 

Intervals  1 cpm  (00.166011  <pd) 

Station 

Reference 

Frecjueiu  >• 

1 rcquetu  c 

// 

i.'* 

// 

H|Ktl 

Real  1 

[magmarv 

K 

f<-pdj 

(cm> 

ideKi 

(cm) 

08929346 

1,3.560 

-0  1951 

1 .Ifi*^ 

-8,2 

>g,i 

0 8932441 

1 55 

196  4 

1 13 

188  2 

0.9295357 

1.2718 

-0  2041 

1 2881 

-9  I 

o. 

0 92<>.5.157 

6 8.1 

201  1 

5.10 

192  0 

0 9661368 

1 1924 

-0  1747 

1 2051 

-8  3 

ilM 

0 9972621 

2.12 

193  9 

2 02 

187  7 

1 0027379 

1 1.142 

-0  1132 

1 1399 

-5  7 

K, 

1 0027379 

7 48 

192  8 

f 5r, 

187  1 

1 (M93390 

1 1094 

-oai23 

1 1099 

- I 7 

Recorded 

variance  34.0 

cm* 

Residual  variance:  0.302 
Ratio:  0.0089 

1 m* 

1 8590714 

0 949f> 

0 0889 

09.537 

5.3 

1.8956725 

0 9647 

0016! 

096.54 

2 1 

(N'jt 

1 M9.5982t» 

7 90 

335  6 

8 18 

137  7 

1.9322736 

09549 

-0.0178 

t)  95.50 

-1  1 

M: 

1 93227.R1 

34  03 

1.59  4 

35  61 

3.58  3 

I 9688747 

0.9221 

-0  0618 

0 9241 

3 8 

.S,t 

2.0(NIMNI0 

7 15 

29  7 

8 08 

24  2 

2.0054758 

0.8732 

-00867 

0 8775 

-5  7 

K: 

2 (W.547.58 

1 94 

28  4 

2 21 

22  7 

Recorded 

variance  471  c m* 

Residua]  variance:  0 261 
Ratio:  0.00056 

cm* 

t Dimensionless. 

• G is  Greenwich  epoc  h, 

0 is  station 

lead 

1 

I'CHIK  i> 

Station:  KDIK-March  Pressure 

20  March  9 

19 

73  26**6  9 N,  69°19  0'\V 

641810  tct  642282  (irrenwn  h hours  since  1900  Januarv  1 0^1 

Reference : Bermuda  summed  complex 

predic  tn 

>n  (» i G j t"  R { 

♦ Ail  '<*. 

-i\ ai+Gi+Ki  (0,  -21 

Prim 

i{>al  harmonic 

constituents 

Intervals  1 cpm  '0(X166011  ((xli 

Station 

Reference 

Krequenc  y 

0* 

r rniucnt  > 

// 

O'* 

U 

0** 

(cpd) 

Real  Imaninarv 

K 

Kirn' 

ifpd) 

(cm) 

KitR) 

(cm) 

(dt|t) 

0.8929346 

I 0705 

-0  1095 

10  761 

-5  8 

(Qt! 

0 89.12441 

1.22 

194.0 

1.13 

188.2 

0 9295357 

1.1343 

-0  14.10 

1 1433 

-7  2 

Oi 

O 9295357 

6()6 

199.2 

5 30 

192  0 

09661368 

I 1766 

-0  2014 

1 19,18 

- 9 7 

ilM 

0 9972621 

246 

200  1 

2 02 

187  7 

I 0027379 

1 1886 

-0  2724 

I 2195 

- 12  9 

Ki 

1 (8)27379 

8(8) 

200.0 

6.56 

187  1 

I aW3390 

I 1679 

-0  .1415 

I 2167 

-16  3 

Recorded 

variam  e .54  2 

1 m* 

Residual  variance : 0 098 
Ratio:  0.0018 

1 m* 

1.8590714 

0.8566 

00725 

08.597 

48 

1.8956725 

0.8797 

002.54 

t)  8800 

1 7 

iN,> 

I 89.59820 

7.20 

336  1 

8 18 

.337.7 

1.9322736 

08794 

-00270 

08798 

-I  8 

M< 

I 9.1227.16 

31  35 

0 1 

.15,61 

3.58  3 

1 9688747 

0 85.59 

-0  07.18 

0 8.59] 

-49 

(S,l 

2.(888888) 

6 69 

31  3 

8 08 

24  2 

20054758 

0 8140 

-0  10.54 

0 8208 

-7  4 

K: 

2 00.547.58 

1 81 

.W)  I 

2 21 

22,7 

Recorded  variance  518  c m* 

Residual  variance  0 157 
Ratio  : 0 00030 

cm* 

t Dimentionlesa 

* C it  Greenwich  qKxh,  ^ is  station  lead. 
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Station  KDIKMav  I’l 

Kefi'rrme  Bernuida  >umnu-d  lomplex  prediction 


Tahll  K. 

12  May  d July  26®27  8'N.  69®19  6'W 

i64>^)72  to  644468  (irecnwit  h hours  since  1900  Januarx'  I 0^ 
(/^>+(/3+ A*} lO,  — 2,  > t»5+(/5+ (0,  ±2i 


Principal  harmonic 

constituents 

\ilmi«tame>t  )Staii«m  Re 

kiiht» 

Inlervals  1 ipni  0046W1II  cpil' 

Station 

Reference 

1 re<|iietii  \ 

0* 

1 ret|uent  \ 

// 

G* 

// 

G* 

itpdi  K\;d  Imaftinurv 

A' 

■.IcKi 

unM 

..leKP 

(cmi 

(deg) 

tl  S929.Un  1 147S  -0  146.' 

I 1472 

- 7.1 

OJi* 

0 8<>.1244l 

1 .M) 

195.5 

1 15 

188.2 

tl9295.^.'7  I -0,1621 

1 1722 

- 7 

0| 

0 929.\157 

621 

|99  9 

5 50 

1920 

0066I.V»S  1 174S  -0  1S64 

1 1894 

-9  0 

>1*1 

0 ‘>972(>21 

2 41 

197  H 

2.02 

187  7 

10027.179  1 17M  -02142 

I 1957 

-10.1 

R. 

1 Oi»27,179 

7 84 

197  4 

6 .56 

187.1 

UM94,1‘M>  1 16.'4  -0  2.1W 

1 18*8) 

-116 

kotoriled  variame  7f»0«m- 
Rfsiclual  variant  e 0 0, sj  , in? 
Ratio  0(NMI 

1 .s.''M7U  O'XH.l  -0tW4,' 

0 ‘81.5.1 

-54 

1 .S9567,).=i  t»9!92  -OOtiON 

0.921.1 

-.18 

'N'M 

1 8<>.59820 

7 54 

.141.5 

8.18 

537.7 

1 9.1227.16  «J  S976  - tV0(».'2 

0.‘8NN> 

-42 

M. 

1 ‘>.1227.16 

52  07 

2 .5 

5561 

558.5 

196.SS717  0S4I0  -t»0‘>tKH 

0 846.5 

-6  6 

(S;t 

2 (NNNMNNI 

6.55 

54.5 

8.08 

24.2 

2 00.M7'S  0 7611  -t»  14‘«> 

0.7755 

- IM 

2 (8).547.58 

1 71 

55.8 

2.21 

22.7 

Rimnlvd  x.iri.mte  .'5(>»in* 
Ke'*itlual  vaiiame  0 10‘>irn- 
Ratio  0.00020 

' Difnen-sitndi-N'. 

* (»  i'  ( ireeincit  h epot  h.  0 i>  -tat it m leatl 

IVIILK  1 

Si.iiion  1:1  Ml.  Max  P2 

12  May 

9 Jul\  197.1 

26*27.S'\  69°19  (>'\V 

(f»44072  i(»  (>44468  (Ireenwieh  hours  since 

PAM)  Januarv  1 ()*• 

lCei»Ti-m e iJi-rmuda  •*umineil  ttmijticv 

pretiic  lion 

. 0;»  + C»;t4  A’l  4 aI  (0. 

-2t.  (Vn+Gri+An  10, 

, 

\ilmillatue*+  Station  kilercnie* 

Principal  harmonic  constituents 

littervaU  1 «pni  (HMriMHl  ipdi 

Station 

Reference 

1 re«|Ueni  \ 

0* 

1 re«|Uem\ 

n 

G** 

// 

(/■* 

itpti)  Real  Ima^inar\ 

A' 

,.U-K> 

(cpd) 

(cm) 

(cm) 

llll-Rl 

0 8929.146  1 l.'4.1  (»I4.'6 

1 161.5 

-7  2 

ig,> 

0 8952441 

1.5 1 

195  4 

1.15 

188.2 

0 9295457  1 \<ts\  t»  1644 

1 17*>6 

-80 

l)i 

0 929.5.157 

625 

2005) 

5.W) 

1920 

l»%6l.R>8  1 1721  0 1872 

1 1870 

-9  1 

iiv 

0'W72621 

259 

197.7 

2.02 

187.7 

1 «N»27479  1 16.'6  t»  2«»*>' 

I 184.1 

-10  2 

K, 

1 18)27579 

7.77 

197.5 

6.56 

187.1 

1 0.194,P>0  1 149f<  0 22W» 

1 1720 

- II  1 

Kecorde«l  x.tnatne  75  5 tm- 
Rexnlual  variante  0 Ht2  t rn- 
Kalit>  0 001.1 

1 8.5‘8)714  «»8971  -OOKOl 

0 <802 

-5  5 

1 89.5672-5  tt91K2 

0 <>204 

-40 

iN,i 

1 .89.59820 

7 55 

.141  7 

8.18 

557  7 

1 9.4227.16  08977  -oot." 

0 *88)2 

4 1 

M_. 

1 95227.16 

52  07 

2 6 

55  61 

5585 

1 ‘>688747  0 8.1'8>  -0«8Wi9 

O8454 

-66 

iS,t 

2 (88)UCK8) 

6 52 

.14  5 

8.08 

242 

2 0054758  0 7.568  -0  1454 

0 7707 

- 109 

K: 

2 00.547.58 

I 70 

5.16 

2 21 

22.7 

Kecortled  variame  5.56  em- 
Resuiual  variame  0ll5»m- 
Ratio  018)021 

t l)in>cnsi'»nlc». 

* O'  ix  (»rrcnw  ii  h ep»H  h.  0 »•»  •^laiinn  lead. 
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Table  G. 


SuUon ; AOMLl  Pressure  12  March- 29  June  1973  28®08.4'N.  69®45.2'W 

(641593-644225  Greenwich  hours  since  1900  January  1 0^) 
Reference:  Bermuda  summed  complex  prediction:  (0,  —2),  (0,  ±2) 


Principal  harmonic  constituents 

Admittancesf  (Sution/Reference) 


Intervals  1 cpm  (0.0366011  cpd)  Station  Reference 


Frequency 

(qxi) 

Real 

Imaginary 

R 

<t>* 

(degi 

I’retjuency 

(cpd) 

II 

(cm) 

C* 

(deg) 

It 

(cm) 

G* 

(deg) 

0.8929346 

1.1282 

-0.1014 

1.1327 

-5.1 

(Qii 

0.8932441 

1.28 

193.3 

1.13 

188.2 

0.9295357 

1.1502 

-0.1127 

1.1557 

-5.6 

0, 

0.9295357 

6 13 

1976 

530 

192.0 

0 9661368 

1.1650 

-0.1326 

1. 1 725 

-6.5 

(I’l) 

09972621 

2.38 

195.2 

2 02 

187.7 

1.0027379 

1.1693 

-0.1569 

1. 1798 

-7.6 

K, 

1.0027379 

7,74 

194.7 

6 56 

1«7.1 

1.0393390 

1.1625 

-0.1807 

1.1764 

-8.8 

Recorded  variance;  54.9cm* 
Residual  variance ; 0. 1 1 6 cm* 
Ratio:  0.0021 


1.8590714 

0.9678 

-0.0589 

0.9695 

-3.5 

1.8956725 

0.9824 

-0W66 

0.9831 

-2  1 

(X,) 

1.89.S9820 

804 

339.8 

8.18 

337.7 

1.9322736 

0.966.? 

-0.a?86 

0.9670 

-2.3 

M; 

I 9322736 

.M.45 

06 

35.63 

358.3 

1.9688747 

0.9228 

-0.0645 

0.9251 

- 4.0 

(St) 

2 U00(XK)0 

7.08 

30.8 

8.08 

24.2 

2.0054758 

0.8610 

-0.1088 

08679 

-7.2 

2 00.547.58 

1.92 

299 

2.21 

22.7 

Recorded  variance:  609  cm* 
Residual  variance;  0.310  cm* 
Ratio;  0.00051 


t Dimensionless. 

• G is  Greenwich  c|>och,  0 is  station  lead. 


rcni.r  H 

Station : AOMM  pressure  H April  5 Juf>  2'V,  A7®32  2'H 

642325  644.R1T  (irrmwith  hours  sm*r  190tj  Januar^  1 O'*) 
Reference;  Bermuda  summed  complex  pre<li»  ti«>n  G'W G’i /f } + R3  t).  2 . (<*  ♦ ^(3  <».  ±2> 


Admiitanrest  (Station  Reference* 


Pnnuftal  harmonic  tonstituents 


Intervals  I cpm  (0,0366011  cjMl)  Station  Reference 


Frequency 

(cpd) 

Real 

Imaginars 

H 

(deg 

I rr«juen<  \ 
.|>ii 

H 

.cm) 

G’* 

•deg) 

II 

(cm) 

G* 

(deg) 

0.8929346 

1.1281 

-0.0812 

1 1310 

-4  1 

y.) 

0 89.42441 

1 28 

192  3 

1.13 

188.2 

0.9295357 

1.1372 

-0.0980 

I 1414 

-49 

n. 

0 9295.457 

6 05 

1969 

5.40 

192  0 

0.9661368 

1.1379 

-0.1171 

1.1440 

-59 

0 9972621 

2.40 

194  4 

2.02 

187.7 

1.0027379 

1.1301 

-0.1346 

1.1381 

-6  8 

k, 

1 0027379 

7 47 

193  9 

6.56 

187.1 

1.0393390 

I.II53 

-0,1467 

M2.S0 

— 7-*5 

Recorded  variance ; 60.2  cm* 
Residual  variance:  0.125  cm* 
Ratio;  0.0021 


1.8590714 

0.9454 

-0.0213 

0.9457 

-I.J 

1.8956725 

0.9557 

0.0024 

0.9557 

0 1 

(X.I 

1 8959820 

7.82 

337.5 

8.18 

337.7 

1.9322736 

0.9428 

-0.0092 

0.9429 

-06 

M, 

1 9322736 

.43  60 

358  9 

35.63 

358  3 

1.9688747 

0.9095 

-0.0540 

0.91 1 1 

-34 

(S,) 

2.0000000 

7.09 

31.5 

808 

24.2 

2.00547.58 

08626 

-0.1225 

0.8712 

-8.1 

K, 

2(10.547.58 

1 93 

308 

321 

22.7 

Recorded  variance . 61 1 cm* 
Residual  variance ; 0 402  cm* 
Ratio  : 000066 


t Dimensionless. 

* G ia  Greenw'ich  qKxh,  0 is  station  lead. 
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